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This collection presents papers on the physics of cosmic rays and /2
elementary particles, written by the Department of Experimental Nuclear
Physics of the Moscow Engineering Physics Institute. The greater part of
the collection deals with descriptions of experimental work on cosmic rays
and in the use of an accelerator. A number of the articles are devoted to
theoretical questions and experiment methodology. As in preceding issues

(Fizika elementarnykh chastits [Physics of Elementary Particles], Moscow,

Atom Press, 1966; Elementarnyye chastitsy i kosmicheskiye luchi [Elementary

Particles and Cosmic Rays], Moscow, Atom Press, 1967), a good deal of space

is given to articles that are reviews, or semi-reviews, in nature.

The collection reviews questions concerned with the investigation
of p-mesons, electrons, photons, with the search for quarks and fireballs
in cosmic rays, as well as with the study of the interactions of elementary
particles in accelerators, topics of great interest that will undoubtedly
prove useful to scientific workers, graduate students, and to students

concerned with the physics of elementary particles and cosmic rays.
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MEASUREMENT OF ELECTRON FLUXES AND GAMMA RAYS OF ENERGY
GREATER THAN 100 MEV AT VARIOUS HEIGHTS IN THE ATMOSPHERE

V. A. Bezus, A. M. Gal'per, N. L. Grigorov, V., V. Dmitrenko,
L. F. Kakinkin, V. G. Kirillov-Ugryumov, B. I. Luchkov,
A. S. Melioranskiy, Yu. V. Ozerov, I. L. Rozental!,
I. A. Savenko, E. M. Shermanzon

ABSTRACT. An experiment conducted in 1967-1968, using Balloons
to measure the intensities and energy spectra of electrons and
gamma rays of a direct vertical flow, and the electrons of a
return (albedo) flow is described.

Study of the electron-photon components of cosmic rays at various heights
in the atmosphere has been in progress for many years [1-14]. The majority of
recent investigations with balloons that have reached heights of from 30 to 40
km (residual pressure about 10 g/cmz) were for purposes of determining flows of
primary cosmic electrons and gamma rays. Naturally, the secondary electron-
photon component generated by the cosmic rays in the upper layers of the atmo-~
sphere contributes to the flow investigated. The effect [15, 16] of the nuclear
component was evaluated in order to separate the primary component. Moreover,
it has been demonstrated [9, 12, 17] that electrons returned to the atmosphere
by the magnetic field (the so-called double albedo electrons) make a definite
contribution to the flow of electrons in the atmosphere. The intensity of this
return depends on the condition of the earth's magnetosphere and differs in
different geomagnetic latitudes. Bremsstrahlung from the double albedo electrons

also causes an additional flow of gamma radiation at high altitudes [10].

Artificial earth satellites have been used recently to measure the flows
of electrons and gamma rays beyond the limits of the atmosphere [18-20].
Specifically, the flights of Proton-1 and Proton-2 at a height of about 500 km
recorded a definite flow of electrons of greater than 300 MeV [20]. The measure-
ments made by the satellites make for a much better understanding of the process

involved in the occurrence and change that takes place in the flows of electrons

*Numbers in the right margin indicate pagination in the foreign text.
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and gamma rays recorded in the atmosphere. Despite the great number of papers
in this field, far from all the details of how these flows of electrons and
gamma rays of energies of the order of 100 MeV pass through the atmosphere are
clear. The effect of the magnetosphere on recorded flows is far from fully
studied because of the complexity of the processes taking place in the magneto-
sphere., Unclear is the contribution of the double albedo electrons in the flow
recorded on the earth.: The role of captured radiation in the formation and

change of flows of electrons and gamma rays is unknown.

This article will describe an experiment conducted to measure the inten- L&
sities and energy spectra of electrons and gamma rays of a direct vertical flow,
and the electrons of a return (albedo) flow, conducted in 1967-1968, with high

altitude balloons.- The preliminary results were discussed in [21].

1. The Instrument

Figure 1 is the block diagram of the recording instrument. The instrument
comprises the following components., CC - the Cerenkov directional action thres-
hold counter with an organic glass radiator (refractive index k = 1.5).: Counter
directivity is the result of blackening the upper surface of the radiator and
setting the threshold for the electronic circuit such that only particles passing

through the counter from top to bottom will be recorded. SC SCZ’ SC3’ and SCQ

11
are polystyrene scintillation counters. SCh is a multi-layer spark chamber with

lead plates, electrodes the total thickness of which is 3.7 radiation
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Figure 1. Block diagram of the instrument.



lengths (r1). A is a lead absorber 3 rl thick. P is a photographic monitor
that photographs the spark chamber in two orthogonal projections with a system

of mirrors.

The instrument operates in two modes: it records (1) electrons;
and (2) gamma rays. The first mode utilizes counters CC, SCl, SC2, and SC3
for recording. An electron causes counters CC and SC1 to function, then, passing

through the spark chamber, will create an electron-photon shower on the plates. /5
Electrons in the shower are recorded by counter SC2 and are absorbed in A without
striking counter SCB.

symbol means that that counter is included in the anticoincidence circuit) are

Events of the CC SC15C2§E3 type (the bar over the counter

segregated by an electronic circuit consisting of TC, the triple coincidence
circuit with a resolution time of some 50 nsee, and the anticoincidence circuit,
AC. This segregation method precludes the recording of other particles passing
through because their path, at a velocity exceeding the threshold velocity for
the recording of a particle by the Cerenkov counter (Bt = 0.67), is so much
longer than the total of the substance in the instrument (some 6.7 rl of lead)
that they are "cut out" by counter SCB. However, there will be nuclear inter-
actions between cosmic particles (protons) in the SC and A, in addition to the

t CC S8SC_S C
electrons of the S 1 CZS 3

as well as , -mesons of energies of 55 to 80 MeV remaining in

event, during which not a single charged product

will strike SCB’

A. The final selection of cases with electrons among the recorded CC SCISCZEE3

event is made from the photographs of the spark chamber.

1? Scz

and counter SC4, which is installed together with the lead converter (1 rl of

The gamma ray recording condition is taken care of by counters CC, SC

lead), C, above the Cerenkov counter. ch is connected to the anticoincidence
channel of the AC circuit along with SC3. Events of the SCACC Sclgfz type,

caused by gamma rays being converted into an electron-position pair in converter

C, can be recorded.

Subsequent instrument operation takes place regardless of the recording
condition. A pulse from the AC circuit triggers the output device, OD, the
photographic monitor trigger circuit, PT, and the interlock circuit, I. A
pulse from the output device with an amplitude of about 150 volts now causes

the small and large pulse voltage generators, PG-S and PG-L [22, 23] to



function and generate the high-voltage supply pulse for the spark chamber. All

electronic circuits, voltage converters, and supply pulse generators are

based on cold-gathode elements, such as transistors, tunnel diodes, dynistors,
and vacuum spark relays.
. . . 2
The effective recording area of the instrument is approximately 110 cm ,

the solid angle about 0.12 ster. The overall dimensions of the instrument are

60 x 30 x 30 cm, its weight is 35 kg, and the total power demand is 12 watts
[a31].

2. The Spark Chamber

The principal component of the instrument, the purpose of which is to make
the final segregation of the events in need of investigation, is the spark Zﬁ
chamber. The chamber is a rectangular box made of organic glass with internal
volume of 12 x 12 x 12 = 1728 cm3, containing six 6 mm thick plates. The upper
and lower plates are made of Dural. Each of the four interior plates contains
a 4 mm thick lead layer. The plates divide the chamber into five compartments.
One (the upper) is 3 cm high, and four are 1.5 cm high. The upper compartment
is used to measure the direction of the incoming electron, or electron-positron
pair. The electron shower developing in the lead plates is recorded in the next
four small compartments. All of the internal plates have outside taps to which
Dural gtraps are secured, thus becoming external extensions of the electrodes,
as it were. The external straps provide the necessary homogeneity for the

electric field in the chamber's working expanse. The chamber is filled with

exceptionally pure neon to a pressure of 1 atm.

The upper and lower electrodes are connected to the instrument's local
"ground.”" The high-voltage pulses are supplied to the plate third from the top,
that is, to the heart of the chamber. The gap between this plate and any of
the grounded electrodes is 4.5 cm. Thus, high-voltage pulses are supplied at
once to the two upper, and the three lower compartments and are distributed
among them in accordance with their capacitances. Given this supply mode, the
chamber functions as a spark chamber with a large interelectrode gap with its
distinguishing feature the movement of the sparks following the particle tracks
and a high shower efficiency value. The plates are connected to each other

through 100 kohm resistors in order to discharge the charge remaining on the



electrodes in event of breakdown.

The pulse supplied to the spark chamber has an amplitude of some 25 kv,
with an approximately 30 nsec leading edge and a duration of about 0.5 ;sec.
The electronic delay in delivery of the high-voltage pulse is approxi-
mately 0.5 jsec. The "life" of one filling of the chamber is 2 to 3 weeks. At
the expiration the chamber must be refilled with fresh gas because the neon be-
comes contaminated by emissions from the organic glass and chamber efficiency

and spark brilliancy diminish.

3. Instrument Calibration

The physical characteristics of the instrument were measured while it was
functioning on cosmic | -mesons and electrons with energies of 100 to 600 MeV
(the synchrotron at the P. N. Lebedev Physics Institute of the Academy of
Sciences of the USSR) and of 500 to 1500 MeV (the linear accelerator in the

Physicotechnical Institute of the Academy of Sciences of the Ukrainian SSR).

Calibration of the telescope for the CC, SC sC SC

12 -9 ~s and SC, counters.
2 3 7
Figure 2 shows the efficiency with which the instrument records electrons (ne) /7

and gamma rays (ny) in terms of their energy. The efficiency with which elec-
trons were recorded was measured directly in electron beams. As will be seen
from the graph, ﬂe rises sharply at first from zero when E &~ 100 MeV to a

maximum of ne = 0.3 for E a LOO MeV, and then decreases smoothly to zero. The

reduction in ne when E > 400 MeV is the result of the increase in the probability
of the penetration of the absorber (A) by the electron shower and of hitting the
"anticoincidence" counter SCB. The efficiency with which the instrument records
gamma rays, ﬂy, cannot be obtained directly because of the absence of beams of mono-
energetic gamma rays of the needed energy, so is computed by using the data

for electron beam calibration (see Appendix 1). ”Y rises smoothly from zero

when E &~ 100 MeV to approximately 0.5 when E ax 1500 MeV. What follows from the

relationships in Figure 2 is that the instrument records electrons in the energy

range between 100 and 1500 MeV and gamma rays with energy E > 100 Mev.

Figure 3 shows the efficiency of the recording of electrons with 435 MeV /8
of energy in terms of the angle of entry into the instrument. The electrons

pass through the center of the radiator of the Cerenkov counter at various
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s — — R E angles, ¢, to the axis of the in-

/””— strument in one projection, and at a

yd
04 /_ S o] fixed angle, § = O, in the other
// orthogonal projection. As will be

seen from Figure 3, the effectiveness

2 changes little in the range of angles
e
¢ from -10 to +10°, and drops off

02 N ] sharply when |¢| is increased from 10
ﬁf\\\J to 30°. The effectiveness with which

L +
2 4
) | “fTST:\;— the return flow of electrons is re-

\\4L§~ corded (¢ = 180°) is less than 2-10_4.

The angular relationship of the effec-
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Figure 2. Recording of electrons (ﬂe) rays w € practically e same be
f th f th

and gamma rays (ny) by the instrument cause o e smallness o e angle

in terms of energy. of divergence of the electron-positron

® - electron synchrotron pair for given energies. The geo-

(P. N. Lebedev Physics Institute); metric factor for the instrument, com-

A - electron linear accelerator

(Phvsicotechnical Institute) puted from calibration measurements
ysicotechnica .

for electrons with an energy of 435
2 .
Mev, is equal to G = 14.5 t 1.0 cm ~ster (see Appendix 2).
An important quantity, measured on cosmic p-mesons, is the efficiency
of the "anticoincidence'" counter SC4 when there are counting errors caused by
contaminated particles possibly simulating gamma rays. Counter efficiency

proved to be 0.9993 * 0.0005.

Spark chamber calibration. Demonstrated in the course of recording elec-

trons and p-mesons in the spark chamber was that the sparks follow the tracks

of particles in the upper, large compartment to the maximum angle between the
field and the particle, 20°, fixed by the instrument aperture. The accuracy Zp
with which the particle track angle is measured in the upper compartment is
approximately 2°., The spark moves through vertically in the small compartments.

A comparison made between the shower curves obtained for electrons with energies
from 100 to 1500 MeV during the calibration with those computed, or obtained by

other experimental methods, revealed that the spark chamber has close to 100%
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Figure 3. Instrument efficiency in terms of the angle of entry of
electrons for E = 435 MeV.

f1y0p efficiency for the simultaneous registra-
20 tion of many particles (so-called shower

efficiency) [23, 24].

1% — + The total number of sparks n, in all
y five compartments, is the characteristic
12 i / for the electron shower in a spark cham-
ber. Figure 4 shows the change in the
¢ ’%F’/’ average number of sparks, n, and in the
JL,/’/' root-mean-square scatter in the number of
}l:ﬁ/’/ sparks, o, with change in electron en-
4 f;; ergy. N increases linearly with increase
j)/’/! in energy between 100 and 1000 MeV.
0 — 500 7000 E, eV When E > 1000 MeV there is a slight

Figure 4. Average number of sparks, deviation from the linear relationship,

;1', root~mean-square scatter in the something that possibly is the result of
o .
number of sparks, © , in terms of the spark pileup and of errors in their /10
electron energy. -
count in showers with a great many par-
® - electron synchrotron . R . .
t « Th t
(P. N. Lebedev Physics Institute); icles e rela 1lve error im measuring
) PRSP t
A - electron linear accelerator the energy of the individual electron

(Physicotechnical Institute) in terms of the number of sparks in a



shower recorded by the spark chamber

<n> 4 is approximately 70% for E = 200 MeV,
20 - and about 50% for E = 1000 MeV. An
o ‘\\\\ error of this magnitude can be explained
15 \ by the substantial fluctuations in the
\\\\ initial development of the electron
\\\\ \ shower., Yet even so unrefined a method
2 ‘\\\ \\\ ’ of measuring energy can result in deter-
\\\\\\\ ‘\\\\ mination of the shape of the energy
s \\5:%\~ { spectrum for the electrons recorded in
“-£___ the spark chamber with a fair
degree of accuracy. The average num-
40 7 2 3 po ber of sparks in showers < n > in terms

of the value of ¢ (Figure 5) was obtained

£ .
Figure 5. Average number of as a result of computation made on the

sparks in showers < n > in terms basis of the calibration data shown in
i iff i . . .

of the index for a differential Figures 2 and 4 for a differential en-

energy spectrum for gamma rays

(1) and electrons (2). ergy spectrum for electrons with a

power form

N(E) dE = AE ¢ @E. (1)

L, Conditions for Conduct of the Experiment

The instrument was placed in an airtight duralumin container containing
a rack for the auxiliary instruments, that is, for the clocks, thermometer,
vacuum gage, compass, and a pendulum bob, the readings of which were photo-
graphed by a second photorecorder simultaneously with the functioning of the
instrument and the photographing of the spark chamber. The metal container was

covered on the outside by a layer of foam plastic for thermal insulation and to

protect against shock upon launching. The measurements were made using controlled

high-altitude balloons in the summer and fall of 1967, and in the summer of 1968,

in the geomagnetic latitude of 46°.

Table 1 lists information on seven flights. Six measurements of electron
fluxes were made, in the course of two of which the albedo electrons were

measured, and in three of which the gamma ray fluxes were measured. With the



Figure 6. Photographs of events in the spark chamber.

exception of one flight (that of 28 April 1967) the instruments were energized

on the ground prior to launch and functioned during the lift, which usually

lasted for from 1.5 to 2.5 hours, as well as during the drift at the maximum

altitude attained. Temperature and pressure inside the container remained normal,

10 to 15°C, 1 atm, in all measurements. Tilt of the axis of the instrument to

the vertical was not in excess of 3°. The altitude at any moment in time can be _412
established from the barogram made during each flight. The container holding

the instrument was turned 180° to measure albedo flux. Figure 6 shows the photo-
graphs of the events within the spark chamber obtained during measurements when

recording electrons (a) and gamma rays (b).



TABLE 1

Time of me;suregént
Date (MOSQOW)~~—v~~~ Height, km Recorded radiation

Beginning End

14 June 1967 0522 0730 0 - 25 Electrons, gamma rays

28 June 1967 0329 1100 20 - 26.5 | Gamma rays

6 July 1967 0553 1000 0 - 27.5 | Electrons, gamma rays

20 October 1967 0435 0730 0 - 27 Gamma rays

27 October 1967 0628 1000 O - 26.5 | Electrons

31 October 1967 oLk 1200 0o - 28 Albedo electrons

9 July 1968 0616 ~ 1200 0 - 32 Electrons, albedo electrons

5. Measurement Results

Index of the spectrum of electrons and gamma rays. The data obtained from

the flights were used to find the intensity and energy spectrum of recorded
particles at different altitudes. Since the electrons and gamma rays are re-
corded over a wide range of energies, their energy spectrum can be presented in

the form

N(E)GE = A(E » )1 gE (2)

which differs from the spectrum of Eq. (1) by the constant EO’ which takes into
consideration the '"pile up" that occurs in the spectrum at low energies. Pro-
cessing the experimental data on three measurements of electrons '"in the spectrum
of Eq. (2)" using the results of the calibration showed that the average for all
altitudes in the atmosphere was o = 2, and Eo < 2 if [E] = [MeV]. This indicates
that the "pileup" in the spectrum is slight and that the purely power-~law spec-

trum of Eq. (1) is sufficiently accurate for use.

The average number of sparks « n > in the showers recorded in the spark 1}3
chamber was computed in order to determine the index of the energy spectrum,
oy and the relationship of < n > = f(o) (see Figure 5), computed from the results
of the calibration was used. Figure 7 shows the values for o and o determined
for different altitudes from all electron and gamma ray measurements. 0 and

Y
are in good concordance at all altitudes within the limits of statistical errors,

10
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2
decreasing approximately from 2.5 at an altitude of 500 g/cm” to 1.7 to 2 at
altitudes of 100 to 200 g/cmz, and to about 3 at an altitude of approximately
20 g/cmz.

@i o Intensity of gamma rays and electrons. The
following formula was used to compute the inten-
sity of electrons (gamma rays)

3 N o

: Je( — () (3)
: . ) — G
. T==M % )
i where

Ne(Y) is the number of particles recording

2 in time T = 10 minutes;

T = 3.3 seconds is the time the instrument
is blocked (movement of the photo-
graphic film); /1k

gﬂ 102 h,g/dﬁ N is the total number of times the

instrument functions in time T;
Figure 7. Measured values

of the indexes of the differ- G is the instrument's geometric factor;
ential energy spectra of
electrons and gamma rays at ne(Y) is recording efficiency.

different altitudes.
Since G and T) are functions of energy, the value

® - electrons (14 June, _ 5
6 July, 27 October 1967); GT = 2.1 cm -ster, averaged over the spectrum of
O - gamma rays (28 June, recorded particles, can be substituted in Eq. (3).
6 July, 20 October 1967).
Figure 8 shows the relationship between altitude and gamma ray intensity,
plotted from the measurements made on 6 July and 20 October 1967. The
gamma ray intensity, increasing with altitude from ground level, passes through
a maximum with a value of about 0.18 cm-z—sec'-'l-s'l:er“1 at a height of 115 g/cmz,
then decreases smoothly. The solid line shows the altitude dependence of the sec-
ondary gamma rays generated in the atmosphere by the nuclear component of the
cosmic rays as computed in [15]. Although the computations were made for
electrons and gamma rays with an energy of some 1 GeV, as the comparison be-
tween the computed curve and experimental results [5 - 8] showed, the relative al-"’

titude dependence remains as it is in the case of lower energy electrons and

11



gamma rays [15]. The computed curve was normal-

~ g}ﬂ . . 2
! ﬂﬁ 8 ized at the experimental value for 100 g/cm”. The

intensity values of the two measurements are in

-lster

good concordance during the 1ift, and at the maxi-

sec
lnal

o : ; mum, but there is some fixed difference (about
l§1w 15%) beyond the maximum. At the same time, the
g; data obtained on 6 July 1967, are in good concor-
dance with the computed curve.
107 _ . . . . .
] 102 h, 9/cm? Figure 9 shows the change in the intensity of

outgoing electron fluxes with height computed from
Figure 8. Intensity of the

direct g a ray flux with the results of four flights. The solid line shows

EY = 100 MeV at different the altitude dependence of the secondary electrons
altitudes: ® - 6 Jul 1967, [15]1, normalized by the experimental values ob-

0 - 20 Oct 1967. . 2
tained in this paper at 100 g/cm . As in the case

of the gamma rays, we see a broad maximum with a value of about 0.11 cm_z—sec_
—ster-1 at a height of 120 g/cmz. The results of all flights are in good concor-~
dance with each other and with the theoretical relationship before the maximum,

but diverge markedly beyond the maximum. At the same time, the results of the
measurements made on 14 June and 27 October 1967 coincide with the limits of /16
statistical errors at all heights, and differ from the results obtained on 6 -
July 1967, and on 9 July 1968, which repeat the expected altitude dependence of the
secondary electrons. The divergence is retained for electrons with energies of
from 500 to 1500 MeV generating showers with number of particles n > 10 (Figure

10) in the chamber, although the intensity of these electrons is markedly less,

and the relative errors are high. The relationship between the intensities of

the electron fluxes observed on 14 June, 27 October, and 6 July 1967, and on

9 July 1968, at a height of 20 g/cm2 is 2.5 £ 0.5 for Ee > 100 MeV, and 3 £ 1

for Ee > 500 MeV.

The divergence cannot be explained by instrument errors. The readings ob-
tained from the auxiliary instruments show that conditions inside the container
were identical on all flights. ’

Another criterion by which to judge instrument operation is the particles
that are nonelectron in nature that were recorded by the instrument and do not

cause showers on the spark chamber plates. These particles, comprising 10% of

12
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1 - i} the total recorded, can be  mesons,

protons, and other particles that are

arrested in the A unit, or that cause

[ ) the instrument to function as a result

gl i of counting errors by the SC2 counter,

¥, min=1

J_ Figure 11 shows the change in the re-
cording of nonelectron events by the

instrument with height. As will be seen

1 ' from the figure, the height curves for

nonelectron events are in good concor-

0
10! o 102 _h g/cm2
dance for the two groups of flights.

Figure 11. Particles nonelectron in Hence, it follows that, first, the in-

nature recorded by the instrument in .
; t f d
terms of height; - - - 6 July 1967; strumen unctioned normally, and, second,
14 June and 27 October, 1967. that the total intensity of cosmic rays
on all four flights was identical (also confirmed by the readings of the image

monitors on the same days).

Albedo electrons. Figure 9 also shows the intensity of the albedo electron

fluxes measured on 31 October 1967. As distinguished from the outgoing fluxes
of electrons and gamma rays, the albedo electron flux has no sharply expressed
maximum. The albedo electron energy spectrum proved to be very hard. The index

for the spectrum, averaged for all altitudes traversed, is ;glbedo < 1.6 +0.3.

6. Discussion of the Results.

References [4, 11-13, 25, 26] have measured the energy spectra of electrons
and gamma rays with energies greater than 100 MeV at different heights in the
atmosphere. Table 2 lists the values of o and ¢ , the energy intervals for re-
corded particles, and heights in the atmosphere, obtained in our paper, and in
the papers written by other authors. Our data coincide with the results con-
tained in the other papers in the range between 1000 and 100 g/cmz, where re-
duction in Ye(y) with height will be observed. Only in our measurements can
the increase in Ye (y) beyond the maximum for the development of a shower at
heights h < 100 g/cm2 be traced. It should be pointed out that in this paper
the measurement of spectra at different heights was made with the same instru-
ment, so that the measurement of the relative behavior of Y (v) with height is

quite reliable.

14
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The relationship between a and height obtained is qualitatively in concor-
dance with the predictions contained in [27]. The energy spectrum of the elec-
trons, and, accordingly, of the gamma rays, at sea level, and at mountain eleva-
tions, is determined chiefly by the basic spectrum of the j-meson component. But
at other heights the electron-photon component generates y-, as well as m°-mesons.
The spectra of p- and m°-mesons duplicate the spectrum of the primary nucleon
component with o oy 2.5 [28].. At the maximum for an electron-photon shower,
that is, at heights of about 100 g/cmz, the spectrum is determined by the nat-

ure of the development of the electron-photon shower in air, and has o ~ 2.,

So far as the measured altitude dependence of the intensities of electrons
and gamma rays is concerned (see Figures 8 and 9), it is in good concordance

with the results of other papers [5-8, 10, 11, 13] at heights of from 1000 to

TABLE 2
Energy interval,| Height
Mev g/cmz ¥ oy Literature
300—2000 1000 281+0,13| 2,71+0,13 f26)
400—2000 670 — 2,5 [24)
100—200 355 — 1,7+£0,3 f11)
500-—2000 355 — 2,3+02 n
100—200 12 —_ 1,7+0,1 4]
"300—1000 12 -~ 2,0+0,1 4]
500--3500 4 1,6 - {32)
300—2000 2,6—4 1,8 ‘ - [33]
= 100 300—1000 | 2,5+0,2 2,40+0,16 this
paper
200—300 1,9+0,2 2,14%0,12 same
120—200 1,7+0,2 2,02+0,08 »
75—120 1,95+0,16 1,93+0,08 >
48—75 2,2+0,2 2,06+0,07 >
30—48 2,24+0,2 2,26+0,06 »
20—30 2,6:0,1 2,46+0,07 »

Commas represent decimal points.
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100 g/cmz, and differs in a number of cases at heights from 100 to 20 g/cmz.

It was found that the measured flux exceeded the computed value for the sec-
ondary electron-photon component [15], especially in the case of the electron
flux (by a factor of 2 to 3); that is, we have the additional fluxes ie and

i_. A check has shown that the appearance of these additional fluxes is not
associated with fluctuations in the intensity of primary cosmic rays, establish-
ed by neutron monitors, nor by solar activity, measured by the number of sun
spots, for example. Table 3 lists measured values of additional fluxes

ie,y’ and various parameters that serve to characterize cosmic rays and the
condition of the geomagnetic field on the day the experiment was conducted.

As we see from Table 3, there is a correlation between the ie and iY fluxes

and magnetic measurement at ground level, specifically with the integral

K-index (FK), characterizing the degree to which the earth's magnetosphere is
disturbed. The correlation is such that the larger ie and iY, the greater

the change in the K-index prior to the days the measurements were made (see

Table 3). Two possibilities can be assumed as leading to the appearance of

the additional flux ie. The first is associated with the flux of double

albedo electrons, that is of earth albedo electrons with momenta less than

the geomaghetic cutoff momentum, which are returned to the conjugate magnetic é19
point by the geomagnetic field [9,12]. The assumption is that the additional

flux, ie, is a'flux of double albedo electrons subjected to the strong influence

of the geomagnetic field, an explanation that is, as is apparent, untenable because

TABLE 3
ig, i'Y’ ll 1
5 —2 Neutron No I
cm “- cm —- i
-1 -1 monitor sun
Date of sec - sec T~ reading spots|
launch ster™! ster~1 | (Moscow) fZK ZK
14 June 1967 0,06 - | 1m0 a1 | 25 |46
6 July 1967 0,01 0,02 1740 97 | 25 | +1
20 October 1967 _ 0,025 _ 83 12 | -3
27 October 1967 0,06 — | 1730 125 | 23 | +10
31 October 1967 _ _ 1680 100 16 | —2

Commas represent decimal points.
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changes in the magnetosphere close to the earth's surface at heights of one to two
earth radii, where the trajectories of albedo electrons returning to the earth
occur, are small, Moreover, the albedo electron flux we measured at a height of

17 g/cmz is 0.012 % 0,002 cm_z-sec-l.ster_l. Its extrapolation to the conjugate

2 . -2 -1
point at a depth of 2 x 17 g/cm2 = 34 g/cm” yields a flux of about 0.015 cm -sec

—ster_l, or less than the additional flux, ie, observed at this same depth on 14
June and 27 October 1967, by a factor of 4. Another, very real possibility of the
appearance of the additional flux, ie, correlating with the K-index, is associated
with the electrons in near space, in particular with the electrons from the radia-
tion belts "thrown" into the atmosphere when the geomagnetic field is disturbed.
Electrons with energies greater than, or equal to, 100 MeV have not been directly
recorded in the radiation belts. But they can exist there, because protons with
the corresponding Larmor radii (out to 400 km, corresponding te electrons with en-
ergy E = 500 MeV) were observed experimentally in the inner radiation belt in the
shell L ~ 2 [29, 30]. Our experiment was conducted at a geomagnetic latitude

of 46°, which corresponds to this same shell. Moreover, electrons with energies
greater than 300 MeV were observed during the flights of Proton-1 and Proton-2
[18]. But even the experimental detection of high energy electrons in the inner
radiation belt fails to provide a complete answer to the question because what is
still unclear is whether comparatively small disturbances of the magnetosphere,
characterized by change in the integral K-index AZK of 5 to 10 units, caused the
gppreciable discharge of these electrons into the atmosphere. Apparently, however,
electrons with energies close to critical, at which they can still be kept within
the inner radiation belt, should "spill out'" of it, even when disturbances in the

magnetosphere are slight.

The additional i flux appears as a result of the bremsstrahlung of the
additional electron flux in the rest of the atmosphere and consequently should
correlate with the change in the integral K-~-index. Correlation such as this
follows from the results of the work done by Ye. A. Chuykin, and others [10, 13]
at the same geomagnetic point. The overall intensity of the gamma ray flux, as
well as the nature of the altitude dependence in the upper atmosphere, changes with
change in AXK., Because of the difference in nuclear and radiation lengths there

. fg s . . . 2

is an additional maximum for gamma radiation at a depth of ~ 40 g/em” [10, 131].
Final explanation of the question remains for additional experiments, not

only in the upper layers of the atmosphere, but beyond the limits of the atmo-

sphere as well.
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APPENDICES

1. Computation of the Energy Dependence of the Efficiency with which
the Instrument Records Gamma Rays

The dependence nY (EY) can be obtained from the following expression

Ey (A.1)
n(Ef)= | e g dx-K (Ey, x)-0(Ey—«, ) F (Ey—¢, &, %),
where 0 i
K(E , x) is the probability of the conversion of a gamma ray with energy
EY in converter layer (x,x + dx);
w(E - e,e)de is a function of the distribution of the energy of the
gamma ray between the components of the pair (EY - e,e);
F(E_ - e,e,x) is the probability that the instrument will record an

y

electron-positron pair with energies EY ~ ¢ and g,

occurring at depth x of the converter.

It will be accurate enough to take the distribution of the energy between

the components the pair as equally probable. Then

wde = 2, (A.2)
1
Kodeax = " X guax, (A.3) /21
E,
T
where
G(Ey) is the gamma ray conversion cross-section [311];

1

2 . . .
N =2.,91-10 is the number of lead nuclei in 1 gram.

The function F can be expressed in terms of the measured efficiency of

recording of electrons by counters CC, CS1 and CS, (i =1, 2, 3), ﬂi(Ey, x) =

1 - gi(Ey’ x), for i = 1, 2, 3, during the calibration, as follows:
F= l;l[l —& (Ey—¢, )& (¢, X)) (A.kL)

so far as this latter formula is concerned, it is sufficient that each of the

three counters, CC, CSI, and CSZ’ record just one of the components of a pair

18
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in order to record the electron-positron pairs occurring.

The numerical solution for the integral of Eq. (A.1), will result in the
relationship shown in Figure 2 when Eqs. (A.3) and (A.4) are taken into

consideration.

2. Determination of the Instrument's Geometric Factor

The following expression yields the instrument's geometric factor

2r /2 +r +r
Gq ".“ j I f(x, y. 0, ¢)dxdy sin 0dbdq, (A.5)
0 —r —r
where
£f(x, v, 8, o) is the efficiency of the instrument in handling particles

entering at point (x, y) in a direction fixed by the

zenith angle 8, and the azimuth angle Qe

The function f was measured with the instrument functioning with a beam of

electrons with Ee = 435 MeV.

2
Numerical integration resulted in G = 14.5 * 1.0 cm -ster.
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THE EXISTENCE AND DETECTION OF FIREBALLS

Ye. I. Daybog and I. L. Rozental!

ABSTRACT. The experimental evidence in favor of the existence
of fireballs is subjected to critical examination.
The hypothesis concerning the carrying away of much of the energy of 123
primary particles and the decaying into m-mesons when there is strong inter-
action between particles has been widely discussed in recent years (see [1-31],
for example). Particles such as these have been called fireballs, Moreover,
the very fact of the existence of superheavy resonances with fireballs is related

to the fundamental question of the critical mass of the elementary particles [4].

The difficulty in approaching this question results from the fact that fire-
balls can be generated at quite high energy levels. Consequently, until recently,
the search for them went on through the use of cosmic particles, when measurement
accuracy is poor. Added to this basic technical difficulty is that associated
with the inaccuracy and indeterminancy of the fireball concept itself. Two
approaches can be taken to this question. The first of these, and the most
persuasive, involves an a priori determination, and subsequent measurement, of
the fireball quantum numbers. The second, or "empirical' approach reduces to an
undecipherable property, that of the massiveness of this particle., It is pre-
cisely this latter approach that has been discussed in the main in connection
with the double-hump in the angular distributions [1, 2], and with the other
properties of the strong interactions in the case of very high energy levels
(see [5], for example). The existence of this double-hump also served as the

basis for the experimental introduction of the two-fireball hypothesis.1

Later on, N. A. Dobrotin, S. A. Slavatinskiy and their fellow workers (see
[3, 5], for example) obtained new experimental data that, in their opinion,
pointed to the existence of one fireball., Thus arose the conception of the

rise in the number of fireballs with energy.

1. This hypothesis was postulated on a speculative basis in 1950 by
G, T. Zatsepin.
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It is the purpose of this paper to make a critical analysis of the experi-
mental evidence in favor of the existence of fireballs. It is our view that
they either are the result of two well studied characteristics of strong inter-
actions (the approximate independence of the magnitude of the transverse momenta
of secondary particles from the energy of the primary particles, and the existence
among the secondary. particles of one that is isolated from the standpoint of
energy), or they bear no relationship to the proof of the existence of fireballs.
It is our opinion that certain serious arguments in favor of this assertion were

cited earlier [6]. We intend to continue this analysis in this paper.

1. The Double-Hump in the Angular Distributions in Selected Theoretical
Models.

The angular distribution of secondary particles in coordinates 7} =- log tan
(96/2)’ where eC is the angle of escgpe of secondary particles in the C-system,*
sometimes discloses the double-hump. This fact has also served as the beginning
of lengthy searches for fireballs [1, 2]. The idea that fluctuations in energy
[7], or angular [8, 9] distributions could transform a single~-hump distribution
into a double-hump distribution has been under discussion for a comparatively
long time. However, the distinctive feature of the models used in [7 to 9] evi-
dently served as the basis for the fact that these papers pretty much ignored
the adherents of the existence of fireballs. Reference [6] took a new step
along the road to the analysis of the general principles involved in the double-
hump distribution, advancing the idea that the double-hump in the angular
distribution was the result of approximate independence between transverse moment-
rm distribution and the energy of the primary particles, although proof of
this assertion was also based on a number of particular longitudinal momentum

distributions

O, (p)=3 (p—"2K)) (1)

;

2. More precisely, the double-hump in logarithmic coordinates was dis-
closed in the L-system in the experiment. It has long been assumed that dis-
tribution was invariant in these coordinates, whereas in fact this was not so
(see [6] and the end of section 1). However it is more convenient to do
reseatrch in the C-system for a physical understanding of the principles of
the double~hump in logarithmic coordinates.

* C-gystem - center-of-mass system; L-system - laboratory system.
23
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in a "uniform'" distribution

N - 2E.K
o, (p) = 2E.K (’< T) ? (2)
o (pn )

and @B(p) corresponds to Landau's hydrodynamic theory. p “’p“3 is the momentum /25
of the secondary particles; EO is the total energy of the colliding particles

in the C-system; K is the coefficient of inelasticity; N is the multiplicity.

The following general conclusion can be formulated. The double-hump should in-
crease in the ;ﬁ/;; (;” is the mean longitudinal momentum of the secondary par-
ticles). But the very magnitude of the double-hump depends significantly on K
and, in particular, the magnitude of the double-hump should increase with increase
in K. In the more general case it can be said that the more uniformly energy EO
is distributed among the secondary particles, the greater the increase in the
double-hump should be (see section 2). Thus it becomes clear why the double-

hump is relatively neglected in Landau's theory, and it disappears completely

in the L-system.4 In hydrodynamic theory most of the energy is carried off by

a small percentage of secondary particles. Since hydrodynamic theory agrees with
the experiment at this point, there is nothing surprising about the fact that

the double-hump phenomenon is quite rare (even at very high energies of some

O12

1 ev).

Although these conclusions are quite persuasive, the distinctive feature of
the distributions mentioned above has made it possible for adherents of the
proofs of the existence of fireballs to express doubt as to the generality of
these conclusions, and the lack of an adequate link with the various theoretical
models of the multiple processes deprives these conclusions of the necessary
degree of persuasiveness. So far as this aspect is concerned, it can be pointed

out in particular that the establishment of a link between the various empirical

3. This condition signifies that energy EO is adequately high.

4. This fact was noted by V. M. Maksimenko. We should emphasize that
what we are discussing here is the nontrivial solution for hydrodynamic equa-
tions, that the simple wave computation reduces to the appearance of a small
double-hump [7].
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characteristics (in this particular case between transverse momenta and the
double-hump phenomenon) is of incomparably greater significance than the use
of models that usually provide poor concordance with experiment. However,
since there is the point of view [9] that certain Qodels (the multiperipheral
Amati model, in particular, and others [10]) do not result in a double-hump
at very high energies, we have once again made an analysis of this link in the

Van Hove [11] and Amati and other [10], similar, models.

The Van Hove model. The distribution of the longitudinal (and, consequently,

in our approximation the total) momenta in this theory is in the form

1 .
@p)~ — (1<ag2). (3)
&
P
Taking the distribution of the transverse momenta to be in the form 426
Py
#N P, P 1 (&)
dpLdp. Pt p'
we obtain
A

Py (5)

N(p.)dp. = e P dp, (py,~0,15 GeV),
0

In N coordinates

oN_ P2 shq exp [_L 1 ] (6)
dpdn Po?  chdq po chq |’
Pmax
dN 1 shq 2— p
A xp [~ —2—] dp;
dn 7)) mny P p[ Pochy ] Pi (7)
N 1 shq D
shq
— Y e S—— —_— _e
d Po c¢hiy {exp[ ”oCh"l ] xP[ p.chn ]}

- 2 o - -
+[Pm:'u9xp{ pch,‘} Puaxexp {— —Enax Lnax }]}

a =1 (9)

Although it is obvious that the distribution of Eq. (3) diverges when p + 0, and
consequently that Phin # 0, we have assumed that Puin = O in the computation for
the illustrative graph for the angular distributions of Eq. (7) because this

value corresponds to a minimal double~hump (see below). Figure 1 shows the
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1 a=t angular distribution in a C-system in

accordance with Van Hove's theory.

&5—F

/ \ The multiperipheral model. The

multiperipheral model predicts the same

25 —4 -2 9 2 N=-log tan distribution as does the Van Hove model

8c/2 . .
C-
Figure 1. Angular distributions in a C-system for the function §(p), so
of secondary particles in this model too results in the double-hump

3 1]
accordance with Van Hove's theory. in the angular distribution. But there

has been a longstanding opinion (see [9], for example) that the multiperipheral
model predicts a "table~shaped" and not a humped distribution in the coordinates
A{) =-1o0g tan 01) - It would appear that this view is associated with the mis-~
understanding that only the particles of the leading cone were taken into con-
sideration when the transition was made to the L-system. Let us use the approx-
imation pJ = constant, py = p, introduced in this paper, in order to match the
true results with the conclusions arrived at by Ciezewsky and Krzywiski [9]. The

dN/d7 distribution will then be in the form

Tmin< 1 < Tmax,

B
aN _ = Tmax <1< — Mpin, (10)
n T > 1 a0
Il <l gid »

that is, this distribution will have the form of two symmetrical '"tables" in the
C-system. The quantities nmin and nmax correspond to the values Poin and pmax'
The two '"tables'" will merge into one only when Prin = O, and this, as was pointed
out above, contradicts the physical sense of the distribution of Eq. (3). Both
"table~shaped” distributions are retained when the transition is made to the
L-system, but they are no longér symmetrical. Figure 2 shows the angular dis-

tributions in accordance with a multiperipheral model in the C- and L-systems.
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-2 U} 2 4 A=-log tan oL

Figure 2. Angular distributions of secondary particles in
accordance with the multiperipheral model [10].

a - C-system distribution; b - L-system distribution;
¢ -~ L-system distribution if the transverse pulse
distribution is in the form of Eq. (4) and

Eo/soo < p) < Eo/loo.

2. The Effect of Nonuniformity in the Distribution of Longitudinal Pulses
on the Magnitude of the Double-Hump in the Angular Distributions

Since the double-hump is reflected by the relative paucity of particles
escaping at an angle § ~ 7/2 in the C-system, it is clear that the more particles
there are which have high longitudinal momentum (py > py ), the more dis-
tinctly the double-hump is revealed. This condition corresponds to the requirement
for a reduction in the difference in secondary particle energies. The distribu-
tion of Eq. (1) corresponds to the limit of a maximum double~hump when K = 1. The

simplest form of nonuniformity is the generalization of this distribution for
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the case when K # 1., Reference [6] demonstrated the fact that the double-hump
is reduced when there is a reduction in K (an increase in the '"nonuniformity"

of the energy distribution).

It goes without saying that making an overall analysis of the effect of
"nonuniformity" of distribution is made difficult because of the lack of clarity
of this concept. We have, therefore, limited ourselves to an analysis of a
special case, assuming that the sequence of momenta of secondary particles will

form the geometric progression

& =g b1, . (11)
Assuming that €, = p s We see that the magnitude b satisfies the condition /29
N
b —1 E
e = e
AN e b—1 1.
/I \\ / s
/ / \ /’ The condition €1 = My corresponds to
¥, \ / . . .
05— 3 7 the maximum nonuniformity, b = 1 to
/ \ VLS /
/ \ i the minimum. Figure 3 shows the
\
0 \i/ angular distributions for energy
- Z Y 2
* # 2 g 2 ﬂ—-ljg tan B = 10'? ev, N = 10, and two values
8¢/2
¢ b=1and b =1.73, satisfying Eq.
Figure 3. Angular distributions of (12)

secondary particles for various degrees
of nonuniformity.

b = 1 (solid line); b = 1.73 (dashed line)

3. Other Proofs of the Existence of Fireballs

S. A. Slavatinskiy [5] has advanced several new arguments indicating his
opinion that he is in favor of the occurrence of one fireball. Let us list
these arguments.

1. The value of the coefficient of inelasticity, K ~ 0.5, is comparatively
low.

2. There is inequality between the coefficients of inelasticity in the

laboratory (KL)and mirror (KM) systems of coordinates.

3. There is a specific system of coordinates (the M-system) different

from the C-system, in which the divergence is close to isotropic.
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4. The shape of the energy spectrum (close to a Planckian distribution)

in the M-system.

5. The mean multiplicity at energies of about 250 GeV (when, in accordance
with the conception, one fireball forms), have approximately half the multiplicity of

double-hump showers, interpreted as the formation of two fireballs.

It seems to us that these arguments have no relation to the problem of the
exigtence of fireballs, and that some of these conclusions present their adher-
ents with quite complex questions, to which it is difficult to find answers at
this time. Let us, first of all, look at points 1 through 4. They all equate Z}O
to a completely defined energy, some (2 to 3)-10ll ev [5]. But is is apparent
that fireballs can occur for any coefficient of inelasticity (K > 0) when the
condition is KM = KL and in principle can have an angular and energy distribu-
tion (satisfying the laws of conservation, of course). There are no kinematic
limitations on these characteristics. The theoretical forecasts, based on con-
sideration of the dynamics of the processes, are definite enough to serve as

persuasive arguments.

The situation is even more complicated if consideration is given to the

characteristics (paragraphs 1 and 2) in terms of energy E We know (see [12],

for example) that the value K ~ 0.5 is retained over a Ve?y wide range of EL
energies, 3 to 1000 GeV. Question. Why is it that the value K ~ 0.5 is associ~-
ated with the occurrence of fireballs when the energies are from 200 to 300 GeV,
yet this property is retained when the occurrence of fireballs is not a topic

of discussion when energies are EL < 10 GeV? This same consideration can be
applied to the property KL # KM’ which shows up clearly, even at very low

energies (1.5 GeV, for example [131).

It should be pointed out with respect to the energy spectrum of secondary
particles that the Planckian distribution does not describe the fastest m-
mesons observed in [5]. To explain them calls for the introduction of a new
hypothesis; the occurrence of an isobar with a cross section close to the total

5

cross section. Although there are certain indirect arguments” in favor of the

5. The most persuasive argument, in our view, follows from an analysis
of the properties of cosmic p-mesons [14].
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frequent occurrence of isobars when energies are very high, nevertheless, at
this time this property is still only a hypothesis. The existence of a quasi-
isotropic system of coordinates too can be explained by the distribution of

transverse momenta (see [6]).

Let us move on to the last argument (paragraph 5). The multiplicity in
terms of EL is not associated with the existence of fireballs, in and of itself.
For example, hydrodynamic theory predicts approximately the same quantitative
multiplicity relationship. The multiplicity distribution in the case of a
specified energy of some 1012 ev is more interesting. Not only one, but two
fireballs should form in this energy region, depending on the concentrations.
The share of the "two fireball" showers is approximately 0.3 to 0.5, according
to various estimates (see [5]). One should be able to observe a very unique
multiplicity distribution for fixed energy in this case. In fact, certain
fluctuations in the multiplicity should be observed as each fireball decays. Z?l
We shall assume that these fluctuations can be described by Poisson's law for

purposes of definiteness. Then the function f(N) describing the multiplicity

distribution will be in the form

e_ErWN
FN) = =+ (1 —age™" 2%, (13)
where
N~ 8 is the average number of secondary charged particles in the decay of
one fireball;
o is the share of '"one fireball' showers.

It is obvious that this distribution has two maxima (if ¢ # O, or ¢ = 1). Figure
4 shows Eq. (13) for g = 0.5. The experimental data obtained during the frag-
mentation of primary heavy nuclei are shown in the form of a curve, and a com-
parison of the curves will show that they have nothing in common, although it
should be pointed out that the experimental statistics are too meager to con-

sider the judgment as final.

In conclusion, it must be emphasized that although the characteristics

enumerated in the foregoing apparently have no relation to proof of the existence
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of fireballs, they can play an important role in explaining the properties of

fireballs, if their existence can be proven by using other methods.
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Figure 4. Multiplicity distribution for specified energy.

The computed curve ( ) is from Eq. (13) for o = 0.5.

The experimental data (----- ) were selected from a so-called
"rich family" [15] obtained during the fragmentation of
heavy nuclei.

4. Methodology for Fireball Searches /32

Because of the heuristic value of the conception of fireballs, we shall,
at this point introduce certain considerations with respect to a methodology
for fireball searches, understanding them to be resonances with great masses.
It goes without saying, that these considerations are a very simplified arrange-

ment, an outline of a methodology for detecting fireballs.

The investigation of resonances has to begin with a definition of the hypo-
thesis describing resonance. Yet, today, fireballs are given so many different
characteristics that their quantitative investigation is impossible without more
or less strict definitions. Therefore, there must be a clear-cut formulation of
the principal characteristics of fireballs before experimental verification is

undertaken. We shall assume that:
(a) the number of fireballs is equal to 1 or 2;

(b} the angular distribution in the M-system is isotropic;

6. There is a point of view [16] that fireballs do not have discrete
quantum numbers. In this case it is extraordinarily difficult to detect fireballs
dependably (if they exist). If this point of view proves to be correct, the two
maxima for the multiplicity distribution curve, for example, can prove to be
practically insoluble.
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(c) the energy distribution in the M-system can be expressed by a Planckian

function, or by a 5—function;7

(d) the direction in which the fireballs move coincides with the direction

in which the primary particles are moving;

(e) there are no isobars.

The search for fireballs must be broken down into two periods: {(a) definition

of the physical characteristics establishing the proof of their existence; and
(b) evaluation of the accuracy needed for measuring these characteristics. To
be pointed out in connection with the first of these is that the search is prim-~
arily for those characteristics without dependence on the energy of the primary
particles, Eb, if the latter exceed some threshold value corresponding to the
appearance of fireballs. Included, for example, can be the mass of an assumed
bunch, the energy-momentum distribution in some selected system of coordinates
(with system establishment not dependent on Eo), and the distribution of the
fransverse momenta in terms of the multiplicity. The investigation of the multi-
plicity distribution for specified Eb’ and information on these distributions

when this parameter is changed, are of interest.

So far as the second of these is concerned (the evaluation of accuracy),
let us introduce certain leading considerations. Let us review two variants of

the distribution of showers in terms of the "masses of the bunches."

1. Let there be a quasi-gontinuous series of "resonances." The distance

between specific lines (SU_ classification) within one supermultiplet is about

3

/33

0.1 M (where M is the mean mass of the particles for the particular supermultiplet).

We shall assume that in the C-system all secondary particles9 form a single fire-
ball, so that
1 2p; | € | Bgy |, M~ E¢,

7. Since the Planck function has a sharp maximum, it can be assumed,
for the estimates, that the momentum of secondary particles in the M-system
is equal to the mean value.

8. The methods proposed in what follows can also be used to verify other
hypotheses.

9. Perhaps after the deduction of the primary nucleons.
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and the error is

M~ 3(Zs).
Needed for the solution is

M LO.1M. (14)

2. Let there be a fireball, "isolated" in terms of mass. The weaker

condition
ML M. (15)

should then be satisfied. At this point it is helpful to point out that when
investigating resonances there is another characteristic magnitude, the width
I' of a "resonant" line, equal to 150 MeV, approximately. If [ < O.1l M, measure-
ment accuracy needed is even higher, and . is determined by the quantity
' On the other hand, if the existence of a supermultiplet as a whole is in-
vestigated (within the SU3 classification framework), the characteristic width
(the dispersion of the mass within the limits of the supermultiplet) is very

great, about 0.2 to 0.3 M.

Let us consider the question of the feasibility of arriving at the necessary
accuracy, using the approximate constancy of the average transverse momentum We shall
use the approximations for the distribution of transverse momenta of Eq. (3) for

purposes of simplicity. Now the dispersion is

D"zPo

and the root-mean-square error is

VD~150 Mss ~p,; N~15.

When EO = 1012 ev
o D
3%e, ~ ‘/T ~ 0.2 Ze;. (16)
Let us point out that investigation of the distribution of the masses of the 1?4

resonances is the most reliable tool for proving their existence. However, as
will be seen from the assessment made earlier, this method required extremely
accurate determination of the characteristics of the secondary particles. This
is why it is expedient to find other approaches to the solution to this problem.
The following method, in particular, can be pointed out. Cases that, because of
individual outward signs, can be treated as the consequence of the occurrence of

a fireball, are selected from the entire set. Particles belonging to one center

33



should be discarded in these cases (on a relatively arbitrary basis, perhaps).

YM must then be computed through

Z(pu— Vae) =0, (17)
where
VM is the velocity of the fireball in the C-system;
Py is the component of the momentum of the il particle in the

direction in which the primary is moving.
All particles belonging to one center are summed.

In the M-system, which is established by the condition of Eq. (17), the
angular distribution is assumed to be isotropic, and the energy distribution is
that corresponding to an a priori distribution (that of a Planckian function, a
§-function, and the like, for example). Let us evaluate the error in fixing Yy
if (in some system of coordinates) the mean error in establishing the momentum of
secondary particles equals dp. Assuming, for purposes of making the evaluations,
that p, = pL = < Pll , We obtain

W

Vﬁ"l"—ﬁ—i
AVu~ 22 dp;
) d1M —_ 27122};2 dp__~ _g-é:'.
Tm » P

In this approximation it is easy to evaluate the error EE&M in the mean value of the
momentum in the M-system if the error in the determination of the momentum in

some system with a YM value is given

“—d;m"“'d_;'" (18)
;I.M b

The derivation of this expression assumed additionally that YM > 1.

Angular distribution. Let us consider how errors in establishing mo~

menta Treflect on the parameter of the distributions attributable to the assumed
occurrence of fireballs, assuming that errors in establishing the angles can be 135
ignored. If the velocity of secondary particles is BM = 1 for all particles,

the summed angular distribution can be attributed to the values Yim? ccc YkM
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and n are the Lorentz factor, and the number of particles

IM? °o0 My (YkM’ Ny
in the ki center).

For example, the summed angular distribution of two fireballs is defined by
the first three moments of the angular distribution uniquely associated with the
magnitudes Yim [17]. Let us further consider the effect of errors in determining
the magnitudes on the characteristic curve for the angular distribution for the
following assumptions: (a) the number of fireballs equals one; ({(b) Yy = ;& =3
(c) Y™ » 1. Now the angular distribution can be found through the mathematical
expectation T of the quantity ) [18]

T(l):ﬁ[anQ—ln(m”—l)—mln (m+:)]—ln1M, (19)

m-—
where

m = VM/BM; Bm is the velocity of the secondary particles in the M-system.

For our assumptions

dm ~ — —— |
3 1m (20)
When m ~ 1.4, we obtain
oT or 1M
| dT | = | —dm+4 —— dv, |~ 1.1 —=~
om a1y 1M - (21)
Using Eq. (17), we obtain
d7 dp
-7~ - =" (22)

Thus, if it is put that the ratio is dT/T ~ O.l, the systematic error must be

4 01 -02
14

Eq. (21) is readily generalized for the case when two fireballs occur. For
example, when both bunches in the C-system scatter at different velocities, and
Ny = Doy We must use the theorem for the mathematical expectation of a sum of

random gquantities, and the relationships

T, =Tc Tu®t VEE—1DGEE—1), (23)

where

;ﬁ is the Lorentz factor for the bunch in the C-system;

'YM.1 are the Lorentz factors for both bunches in the L-system.
1,2
9
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Energy distribution. By using Eq. (18) one can readily assess the per- /36

missible error in the determination of p, (in the L-system) for the case when
all piM are equal (the order of magnitude of the evaluation is retained for a
Planckian distribution). What follows from Eq. (18) is that the relative errors
in measuring the momenta in both systems (M and L) are approximately the same.
But it is far and away more convenient and simpler to make the measurements for
the fireball flying in a direction opposite to that in which a primary particle

R 2
is moving. For example, if E_ = 101 ev and v,, = 2, then vy = 80, and Y. = 7.
L M M1 M2.
Consequently, momenta of particles of a "slow" (in the L-gsystem) fireball are fewer

than is the case for a fast one by a factor of approximately 10.
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THE INVESTIGATION OF CASCADE SHOWERS
IN A HORIZONTAL FLUX OF COSMIC RAYS

V. V. Borog, V. G. Kirillov-Ugryumov,
A. A. Petrukhin, V. K, Chernyatin, V. V. Shestakov

ABSTRACT. The investigation of the horizontal flux of cosmic
rays is continued using an ionization calorimeter to record
cascade showers. The results of the operation of the in-
stallation in the spring of 1968 are analyzed.
This paper is a continuation of the investigation of the horizontal flux of Z}?
cosmic rays conducted by the j,-meson group of the MIFI [Moscow Engineering
Physics Institute] [1, 2]. An ionization calorimeter (Figure 1), consisting of
six rows of IK-6 ionization chambers, was used to record the cascade showers.
The axes of chambers in adjacent rows are mutually perpendicular, and the working
surféce, with an area of 9 m2, is vertical. The iron absorber between rows is of
the order of 5 rad units thick. The electronic system is such that the passage
of 60 and more relativistic electrons through the chamber can be recorded with
confidence. The position of the shower axis, encompassing several rows, can be
fixed approximately by a coordinate grid formed by the ionization chambers, and 1}8

more precisely with the help of hodo-

scopic detectors A and B (see Figure 1).
Each detector is a set of 96 cells com-
bining six GS-30 gas discharge counters.

Cell dimensions are 20 x 60 cm. Detector

AN

C protects the calorimeter against the

vertical flux of cosmic rays when the

[ANARANRARARANY
AN N\

control unit is connected to the anti-

coincidence channel.

We shall present here an analysis of

the results of the operation of the in-

stallation in the spring of 1968. The

Figure 1. Schematic diagram of the installation was in use in two modes for
installation (K is the ionization
calorimeter; A, B, and C are
hodoscopic detectors).

850 hours. The control unit, for a large
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TABLE 2

Accompaniment in detector C
Operating Exposure s

mode time, h Yes No Total
ABCK1h 720 6 7 13
ABKlh 130 L 1 5

multiple showers to select this magnitude as the threshold.

Eighteen multiple events were recorded in 850 hours of exposure. Table 2
shows that at least some of them, accompanied by the functioning of a small num-

ber of counters in detector C, owe their occurrence to the vertical flux.

There were eight multiple showers not accompanied by the functioning of
detector C. Table 3 lists their characteristics. Yet even they cannot be
caused by the practically parallel moving particles in the horizontal flux
(60° < @ < 90°), or those moving at angles of from O to 60°. This latter cir-
cumstance is associated with the fact that the cells of detector C span but 50%

of the area of the horizontal projection of the installation (there is generally

no protection for the installation against transverse showers), and the efficiency

of recording of strongly interacting high-energy particles is close to unity.
The ionization attributable to each of the multiple showers in events 4, 6 and 7
(see Table 3) was observed in a group of three to four chambers, characteristic
of showers greatly inclined toward the plane of the installation's working sur-
face. These considerations cast doubt on the connection between the multiple

showers recorded and the groups of j-mesons in the horizontal flux.

A characteristic feature of the majority of the recorded multiple showers
in each case is the small magnitude of one of them close to the threshold of
sensitivity of the individual channels (60 relativistic electrons). When the
results obtained are compared with the data in [4], this difference <in the
power of multiple showers in both papers must be given special emphasis. If
multiple showers nevertheless are caused by electromagnetic interactions of
groups of ; -mesons, this can be explained quite readily by the difference in
the materials used for the absorbers in the installations (lead and iron). The

probability of an electromagnetic interaction is proportional to the ratio
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TABLE 3
! ! =0
! Ionization in the rows corresponding 5w Number of b
j : to the passage of no more than %”65 cells in =

! (relativistic particles) s g E | detector N g ° .
i L0 - i i s A0
Event Frame - Rows o5 functioning |2 o 4‘3 o
S S9f |Th [ 3 3ok
ST sl s | e |8, a8
i : nwoa - P
i : L] O ]
| : - J R -
{ i - .2
1 373027 — — 140 250—340 540 30 11 15 0-—85
2 380078 - —_ — 110 330—130 150 4 1 10—85
3 381043 | 130—240 410 - - - 210 2 2 1575
4 393025 - - 570—160 — - 150 5 8 0—75
5 L 404071 - —_ 190 210—1680 | 110-230 - 30—270 2 ] 0—-55
6 440033 - - 450—150 - - 180 1 2 0-75.
7 446007 - - 370210 480 - 1 5 0—-80
8 © 450064 - — - — 140—170 0 1 3 10—85
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zz/A, and the probability of a double interaction to (ZZ/A)Z. For lead (ZZ/A)
/& 32, and for iron (ZZ/A) &2 12. Thus, the probability of a double interaction
in iron is less than it is in lead by a factor of about 7. And if consideration
is given to the fact that the number of cascade particles in a shower of speci-
fied energy in iron is less than it is in lead by a factor of about 2, and

the fall-off of the y-meson energy spectrum is noted, the probability of a
double interaction in iron should decrease further, by a factor of 15. Accord-
ingly, the probability of the appearance of multiple showers with an identical
number of cascade particles in iron is less than in lead by at least a factor
of 2. Thus, the absence of high-power multiple showers can only be indicative
of the fact that there are no mechanisms for the formation of these showers

that do not depend on the material.
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PROSPECTS FOR THE INVESTIGATION
OF HIGH-ENERGY COSMIC wu-MESONS

V. G. Kirillov-Ugryumov, A, A. Petrukhin

ABSTRACT. Basic problems involved in future investigations of
cosmic ji-mesons are reviewed. Particular attention is given
to the possibility of establishing the percentage of K-mesons
in terms of angular distribution of ;-mesons, and to the
nuclear interaction of | -mesons. Principal results obtained
from investigations made of cosmic p-mesons up to 1968, are
included.

The investigation of high energy p-mesons is one of the most important tasks
of cosmic ray physics. Interest in such investigations is based on the fact that
contemporary theory cannot explain the nature of | -mesons, nor the paradoxical
situation wherein two particles, a p-meson and an electron, differing in mass by
a factor of 200, will interact in identical fashion. Investigations of static
properties of | ,-mesons, and experiments with low energies, cannot point to the

road that will solve this particular problem. It is possible that experiments

with high energies can solve this problem.

There are two basic trends in these investigations. The first involves the
study of the characteristics of the flux of | ,-mesons in the atmosphere, for it
can provide information on how p~mesons occur (that is, on the mechanics of their
generation). A comparison betlheen these data and the primary cosmic-ray spectrum
will make it possible to examine various models of strong interactions in the
domain of superhigh energies. The second involves investigation of p-meson
interaction. The purpose is to find unusual interactions and to examine high-

energy quantum electrodynamics.

In what follows we shall review the basic problems of future investigations
of cosmic | -mesons. Particular attention has been given to two problems which,
today, are of great interest: the possibilities of establishing the percentage
of K-mesons in terms of the angular distribution of | -mesons; and the nuclear
interaction of y-mesons. A provisional summary of principal results obtained

from investigations made of cosmic ;,-mesons up to 1968 is included.
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1. The Origin of j -mesons

The following characteristics of j-mesons in the atmosphere can provide in-
formation on the origin of cosmic p-mesons: (a) angular distribution; (b) energy
spectrum; (c) charge ratio; (d) degree of polarization; (e) the parameters for

groups of j-mesons.

The angular distribution of j-mesons can provide information on the mechanics 1&6
of generation between lO11 and 1012 ev. For example, if ;,~mesons originate right
in nuclear interactions, their angular distribution should be isotropic (when
energies are sufficiently high, and when absorption and decay in the atmosphere
can be ignored). if y-mesons occur as a result of the decay of certain particles,
the spectrum at large zenith angles should be flatter than along the vertical.
The energy range depends on particle mass and life. This range is from 10 to
1012 ev for - and K-mesons. The maximum difference between spectra, which provides a
means for establishing the channels for j-meson production is obtained for spectra
at angles of 0° and 90°. It should be pointed out that the availability of infor-
mation on an energy spectrum for one zenith angle will not yield unique informa-
tion on channels for the generation of ; -mesons because the energy spectrum is

dependent to a great extent on the models for strong interaction used in the com-

putation, as well as on the generation mechanism.

An energy spectrum for a horizontal flux was obtained simultaneously in two
different papers; on a magnetic spectrometer [1]}, and with an ionization calori-
meter [{2]. The results were in good concordance [3]. Reliable experimental data
have been obtained up to energies of the order of lO12 ev. However, neither of
these efforts can provide information on channels for the generation of u-mesons
without drawing on information concerning the vertical spectrum because in the
first investigation [1] the range of zenith angles covered is small and the

statistics ate sparse, and in the second [2] the accuracy with which the zenith

angles were measured is poor.

As of this time there have been over fifteen papers written on investiga-
tions made of the vertical spectrum in the energy range above 1011 ev by various
methods. Unfortunately, the results contained in these papers are very divergent
indeed, so the resultant spectrum in the 1012 ev range can only be obtained when

all of the papers are taken into consideration. An analysis made in this manner
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(3] shows that the most probable value of the index for the integral spectrum

of the vertical flux of p-mesons is 2.4 (at least up to 2.01012 ev). Since the
index for the horizontal spectrum, at least according to available data [1, 2],
is 2.0 to 2.1, the conclusion is that the flatter slope of the horizontal
spectrum is indicative of the anisotropy of the angular distribution of | -mesons,

that is, of the decaying nature of their generation.

However, there has been a recent paper dealing with the investigation of
the absorption curve at various zenith angles [4], from the regults of which
the authors reached the conclusion that the angular distribution of high-energy
cosmic p-mesons is practically isotropic up to approximately 80°. Although
underground measurements always have a certain indeterminacy (see section 2),
these results [4] are very interesting, and the question of the nature of the Zﬂ?
angular distribution (and more precisely, of the degree of isotropy, or aniso-

tropy) is still an open one.

Charge ratio investigations have been going on continuously for many years.
Today there are measurements up to energies of 1012 ev in vertical, as well as
in horizontal fluxes of j-mesons [5]. But there is no way to establish the
uniqueness of the generation mechanism from these experiments because the
measurements have not been accurate enough, and because of the indeterminacy

of the strong interaction model [6].

Investigatibn of polarization makes it possible to establish the percentage
of K-mesons responsible for the formation of j-mesons in the 1010 ev range. In-
tensive investigations were made a few years ago. An analysis of the results
obtained [7] revealed that the percentage of K-mesons, charged, as well as
neutral, is 40 * 20% up to energies of approximately 20 GeV. There is little
future in making polarization investigations at higher energies, so as of today

they have pretty much ceased.

Until recently, study of groups of [l-mesons was based on work connected
with the investigation of widespread atmospheric showers [8]. The existence
of groups was virtually ignored in the work done on investigating the charac-
teristics of fluxes of cosmic p-mesons. Consideration of their existence is
particularly important at high energies, when j~mesons very seldom put in an

appearance, and then only in groups. The use of an installation with an area
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of up to tens of square meters is suggested because several p-mesons can fall
on it simultaneously. It is possible that herein is the reason for the sharp
divergence in the results of the various experiments conducted in the energy

12
ranges above 10 ev.

2. Interaction of u-Mesons

The following processes of the interaction of | -mesons have been studied
in cosmic rays: (a) nuclear scattering; (b) electron scattering; (c) the

formation of electron-positron pairs; (d) bremsstrahlung; (e) nuclear inter-

action.

The first process has not yet been investigated in cosmic rays because
y-meson beams have appeared in accelerators where the domain of transmitted

pulses attained of some 1 GeV/c is completely unrealistic for experiments in
cosmic radiation.

p-meson-electron scattering is being investigated in cosmic rays, as well
as in accelerators. As distinguished from the first process, the particles
taking part in it interact only electromagnetically, so the particular process ZﬂB
is the only one that can be used to examine the quantum electrodynamics of the
g-meson in pure form. Much of the work done with cosmic radiation has resulted
in an experimental value for the cross-section greater than the theoretical (the
upper limit for the energy transmitted to the electron of some 20 GeV) [9]. Work
on accelerators has agreed with the theory, but has not yet reached the energy
domain in which anomalies in cosmic rays have been observed (upper limit 3.4

GeV) [10].

Investigation of the formation of electron-positron pairs in the case of
high transmitted energies is made very difficult because of the admixture of
pairs from the y-quanta of bremsstrahlung from the p-mesons, the cross-section
of which is greater than the cross-section for the formation of the pairs by two
orders of magnitude. The experiments were conducted using low energy y-mesons.
Results are contradictory, and the use of different theoretical formulas to

analyze the data obtained makes a comparison difficult.

The pair formation cross-section is quite large in the case of low trans-

mitted energies, but this domain is of interest for the recording of superhigh-
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energy p-mesons, and not for interaction investigation. This possibility has
been under active discussion in recent years and the corresponding installations

have been designed, but no results have been published, as yet.

Bremsstrahlung is the fundamental process responsible for the formation of
electromagnetic cascade showers of high-energy -mesons. Today, cascade showers
are used for the restoration of the ) -meson energy spectrum [11]. And the
bremsstrahlung cross section is taken as known. If the y-meson energy spectrum
is measured in independent experiments, the possibility of establishing the cross

. . 2
section up to energies of 101 ev develops [12].

Investigation of the nuclear interaction of ;,-mesons, something that will
make it possible to determine the cross section of the photonuclear process GYN
at energies exceeding the capabilities of modern accelerators by two orders of
magnitude, is of interest. Estimates of the cross section o _, up to energies
of 300 GeV were obtained in experiments carried out in cosmic radiation [131],
whereas only energies up to 5 GeV were possible in accelerators [14]. A com-
parison of all the available data [13] has shown that the results of different
efforts may differ from each other over the range of one whole order of magni-
tude., Three basic reasons for the divergence in the results of the different

experiments can be pointed out.

1. The energy transmitted in a particular interaction usually is unknown,
and in some of the experiments there is no guarantee at all that all of the

secondary particles, particularly the neutral ones, have been recorded.

2. The magnitude of the minimal transmitted energy, something that all 1&9

compu tations depend on quite substantially because the cross section is inversely

proportional to this energy, is very tentatively estimated.

3. Virtually none of the papers on the subject took into account the pro-

bability of recbrding nuclear interactions in terms of energy.

A few words must be said about underground (or underwater) investigations
of the absorption curve, because, at least in principle, these investigations
should provide a way to establish the sum of the integral cross sections of the
interaction of p-mesons (loss of energy, more precisely). The results of under-
ground measurements today are used primarily for solving the reverse probiem,

that is, for obtaining the p-meson energy spectrum and angular distribution.
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This method has at least four drawbacks. First of all, precise information as
to the composition of the soil at great depths within a quite wide interval of
zenith and azimuth angles is needed for conversion. Second, the precise magni-
tude of the energy losses in the nuclear interaction is unknown. Third, the
experiment must be conducted in such a way that so far as a great percentage of
the underground measurements made are concerned, there is no way to separate
information on the energy spectrum from that on angular distribution of the
p-mesons. Therefore, if the experimental data are to be used to obtain the
energy spectrum, the angular distribution must be given. Finally, the con-
version factor for great depths is dependent exponentially on the magnitude of
energy losses, so underground measurements should be statistically accurate, as
well as free from any fixed errors.

Underwater measurements are free of the first drawback, but the limited
depth of the world ocean and the technical difficulties involved prevent any

great progress being made in terms of energy. Today, underground measurements

have reached a depth of some 8,000 meters of water equivalent, corresponding to

approximately 7-1012 ev [15].

3. Tasks of Future Investigations of High-Energy Cosmic U-Mesons

Determination of the mechanisms involved in the generation of cosmic -
mesons is the basic task remaining. Naturally enough, if the complete picture
of the formation of j-mesons in the atmosphere is to be obtained, all the char-
acteristics of the p-meson flux must be investigated, including angular distrib-
ution and the other characteristics. Practically speaking, angular distribution
is dependent only on the composition of the particles decaying into -mesons,
and does not depend on the interaction model (given the condition that the model 150
does not depend on the composition of the particles). Thus, investigation of
the angular distribution helps establish the channels for j-meson generation.
The first thing that must be done is to establish the presence, or absence, of
direct generation of j-mesons. The next step involves a determination of the

percentage of all possible generation mechanisms, including the percentage of

K-mesons (see section 4).

A second task for the future is the investigation of the nuclear inter-

action of | -mesons. The problem here is disussed in section 5 of this article.
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Here, we will simply say that the investigation of nuclear interaction should
include measurement of the cross section of the interaction, as well as a study
of the structure and form of the nuclear cascades occurring. A comparison of
these data with existing cascades from nuclear active particles can provide addi-

tional information on the nature of the nuclear interaction of j-mesons.

Investigation of electromagnetic interactions of j-mesons in cosmic radia-
tion offers less of a challenge with respect to accelerators than does the study
of nuclear interaction. In this case the accuracy required is'incomparably
greater. Yet there is a constant flow of papers in which divergences from
electrodynamics can be noted, as can the absence of j-meson beams of corresponding
energies in accelerators, and this is what serves to stimulate these investiga-
tions in cosmic radiation. A detailed analysis of electron-photon showers,
caused by the electromagnetic interaction of | -mesons, is an additional possi-
bility for examining the basic formulas of guantum electrodynamics, and partic-

ularly the cascade theory.

It is expedient to solve all of these problems by using the horizontal flux
of cosmic j-mesons. The principal consideration in favor of the use of this
selection is as follows. Although the maximum difference between spectra pro-
viding for the possibility of determining the channels for the generation of
g-mesons is at 0° and 90°, the energy spectrum in the high-energy domain (greater
than 1011 ev) is practically independent of the angle in the 0-60° range.

Basic changes take place in the spectrum in the interval 60 to 90°, roughly.
This is why it is more expedient to investigate the flux of | -mesons at large
zenith angles (60 to 90°) in order to obtain the necessary data with one in-
stallation. And it is more advantageous to investigate the interaction of -
mesons in a horizontal flux of cosmic p-mesons because the presence of decay
channels for the generation of high-energy | -mesons (and there will always be
some percentage of such channels) results in there being more of them in the

horizontal flux than in the vertical.

There are additional arguments to be advanced in favor of the horizontal
flux. PFirst of all, there is no requirement for an underground vault in which
to set up the experiments, so costs are reduced sharply; second, widespread
super-high energy air showers at angles larger than 70° were recorded 451

recently, so the investigation of the horizontal flux will make it possible to
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enlarge the search for these unique events; and, third, groups of -mesons can
be investigated in the horizontal flux, something that was confined to the ver-

tical flux alone until recently.

L. Determination of K- and p-Meson Percentages

Let us make the computation for the statistics needed to establish K- and
m-meson percentages. At first glance, the results contained in [4] would suggest
that there is no need to do so, but in defense of our proposal, we cite two con-
siderations. First, despite the possible emergence of new channels for high
energy generation, the decay of m-mesons as a source of | -mesons should be re-
tained, because there is no doubt regarding the formation of g-mesons of corre-
sponding energies in nuclear interactions. Second, K-decay yields an angular
distribution close to isotropic in the energy domain up to 1012 ev, so that es-

timates obtained for K-decay will be the upper limit for direct generation in
this domain.

Let there be two channels for the generation of j-mesons (- and K-decavs)
with intensities a_ and ags respectively. If we want to show that aK/qn <a
[or, and this is the same thing, that a /ék 2 1/q], we need to satisfy

™

the inequality

ax + mo(a; ) “ (1)
ax —mo(az) S
where
c(a) is the root-mean-square error in finding aTT and ak;
m is the number of standard deviations.

Let us find the minimum for the following functional in order to evaluate

the necessary statistics by the least squares method

M=X (a; Ny +a, Ny, — F} W, (2)
H
where
N i and NKi are the values of the spectra at the ith point for the m- and
m
K-mesons, respectively;
F is the spectrum's measured value;
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W, is the weight of the il measurement.

Differentiating Eq. (2) with respect to a_ and a,, and equating the deriva-

tives to zero, we obtain the following system of equations

ay ZN::i Wl“i'aKEN‘n:i Nfa W;= 2 FlN'r:l W,‘,
! ¢ : (3)

ay XNy Ny, Wi+ a, XNk W= FN,, W,
[ i [

The solution for this system is /52
A A
® K (ll-)
“n"'z‘ and dK=='7; N

where
A = (EFiNni WI)ZN?G W:—(E FiNxi ‘Vt)Zle Ni Wi
i i 1 Il

Ak = (X FiNui WYX N2y W, — (X FiNu W) XNy N W
] ] i i

i t
and ag will be equal to

A= (ZN?:i WI)E Nf‘;an'—(ENzi NKl Wl)z-
i

The dispersions in the guantities ag

De,) D) (5)
D(a,‘)=—A;"—— and D(a,) = A—f.
After the computation, we obtain
% N:’l w,; ?NZ':I v, )
D(a,)= ———— and D(a,)= —

A

We compute the quantity A for the following conditions

N‘lti = “INV and IVK[ = kINV'.; }
W,=1/F; and Fi~N;=(a, =; -}-‘aKk,)le (7)

where

Nv is the intensity of the j-mesons along the vertical;

m and k, are the coefficients of change in intensity in terms of the
angle for the different generation channels.
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We than proceed to the computations for the case of measurements at two

zenith angles. Then

— N2 (nyky — mbky .
A v (e, ﬂ‘+a1(k’)(an ™ + aKk,) (8)

Computing D(a'l_r K) for these same conditions, and introducing the designations

]

o(az) =y D) =oy/ N,
a(a) =y Dia) = vV N,

we obtain the following for the inequality of Eq. (1) /53
N,> m? (_"_K*“i)’ ,
aan——aK (9)

’

kii(ag m 4 ag ko) + R? (ax ™ + ag ky)
where O = PR ]

L (kg — "‘z'k:sr
. .‘/ n,3 (@ My + gy ko) + M2 (A my + ag Ry)
K (riks — moky

Specific computations were made for two intervals of zenith angles; 60-70°,

and 80-90°. Reference [17] provided the values for the coefficients s Tas kl
and k2. The statistic needed for certain values of ;,-meson energies for various
assumptions with respect to the relationship between the channels for the decays
of K- and p-mesons for m = 3 are listed in the table. Tabulated data were ob-
tained for the condition that there are two points at the angular distribution.
Use of a great many points will result in a reduction in the needed statistic.

In this sense, the numbers in the table provide the upper limit.

5. Nuclear Interaction of u-Mesons

Once George and Evans [18] discovered the nuclear interaction of | ~mesons,
a great many attempts were made to obtain the cross section of this process. The
usual interpretation reduces to a replacement of a j-meson by a field of virtual
photons, the cross section of interaction of which, it is assumed, is no differ-

ent than the cross section of real photons
ap (Ep. , E, q)=AaﬂVf(Ep. » E, 9), (10)

where

E is the u-meson's primary energy;
I
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v

a, | i lazoa] 03 | 05 2 5 10
Tev* .
o | 02 | 20000 | 3900 | 180 [ 320 180 140
0.5 | 14000 | 1900 800 140 70 50
1.0 | 22000 | 2000 | 1100 180 100 70
2.0 | 17000 | 2400 | 1000 | 200 110 90
5.0 | 48000 | 7000 | 23200 | 650 | 380 | 2%
10 90000 | 14000 | 6000 | 1400 830 | 680
0.2| 0.2 | 19000 |200000 | 10000 | 620 210
0'5 | 10000 |140000 | 8200 | 820 | 500 [ 400
1.0 | 12000 |130000 | 800 | 370 170 | 120
2.0 | 11000 120000 | 5700 300 230 120
5.0 | 33000 | 380000 | 19000 | 1300 630 | 480
10 62000 | 730000 | 34000 | 2800 | 1400 | 1100
05| 0.2 | 120 | 2400 | 5700 | 5000 90 | 560
0.5 560 950 | 2700 | 1800 350 | 200
1.0 770 1520 3700 2500 500 300
2.0 760 | 1520 | 3600 | 2600 550 | 340
50 | 2200 | 4600 | 11000 { 9300 | 2000 | 1300
10 4200 | 9700 | 20000 | 20000 | 5000 | 3100
0.8| 0.2 330 470 640 | 5800 | 80000 | 9000
05 160 210 380 | 2300 | 30000 | 2400
1.0 290 400 530 | 4500 | 60000 | 5000
2.0 270 360 510 | 4600 | 60000 | 5000
5.0 780 | 1100 | 1600 | 16000 | 230000 | 20000
10 1500 2100 3100 34000 | 500000 46000
1.0 0.2 190 230 290 840 | 2800 | 9000
0.5 90 110 130 330 | 1000 | 3000
1.0 120 150 180 500 1600 4800
2,0 120 150 190 510 1800 5500
5.0 400 500 600 | 2000 | 7500 | 24000
10 800 | 1000 | 1400 | 5000 | 18000 | 60000

*1 Tev = 1012 ov.
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E is energy of the nuclear interaction;
q is the transferred momentum;

GYN is the photonuclear cross section for a nucleon;

A is the number of nucleons in the nucleus.

The functions f(Eu, E, q) obtained in various of the theoretical papers on
the subject differ greatly from each other, and this, naturally enough, makes
interpretation of experiments difficult. But the values of the cross section
OYN even for the same function f(qi, E, q), are greatly divergent, as has been
pointed out in [(13]. Possible experimental reasons were reviewed in section 2.
But there can be reasons of yet another order of magnitude. First of all, the
cross section N is assumed constant when it is computed. If it in fact depends
on the energy, this procedure has no validity. Second, a logarithmic dependence
on Eu has been given in all known computations for the function f(Eu, E, q).
Reference [19], dealing with work done with a g-meson beam in Brookhaven, estab- ‘£55
lished a linear dependence between the cross section On(Eh, E, q) and EU' A
theoretical model of the nuclear interaction of | -mesons proposed by Hand and
Wilson was set up there and provides a linear dependence for Un(Eﬁ)’ If this
dependence is adopted for other efforts concerned with the nuclear interaction

of |,-mesons, the values for GYN obtained from them will be changed greatly.

The linear dependence in [19] is established for a narrow band of p-meson
energies; 2.5 to 10.5 GeV, Question. How far does this dependence extend in
terms of energy? There is an even more general question. As is known, all
other cross sections of the interaction of L-mesonss beginning at some energy
value, become constant. Can this fact be extended to include the nuclear inter-
action of |,-mesons? The answer to this question is significant for a correct
determination of 5 N and for its dependence on energy. This question is equally
important in interpreting the results of underground measurements. If the nuclear
cross section increases up to very high energies, and is still linear, a flatter
spectrum than that usually accepted [15] is required in order to explain the

results.

Eq. (10) gives the linear dependence of the cross section in terms of Aj;

that is, the cross section of the nuclear interaction of | ,-mesons is considered
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as proportional to the number of nucleons in the nucleus. This dependence has
not been investigated experimentally at high energies. At the same time, accord-
ing to recent data [20, 21}, the cross section of the interaction of protons
with nuclei is as AZ/B. If this dependence proves valid for the nuclear inter-
action of ;-mesons, this will result in a change in energy losses in nuclear
interaction for soil. Actually, virtually all investigations'of nuclear inter-
action were made with lead, so the magnitude b1 could be computed accordingly.

The conversion for bS can be made through the formula
- B
b, = b, (A_/A)". (11)

The value of bs will differ with g. If g is reduced from 1 to 2/3, bs will in-

crease by a factor of

1/3 _

1-8 _
(Al/As) = (207/22) 2.1.

Accordingly, we can distinguish three primary tasks in investigating the

nuclear interaction of p-mesons.

1. The nature of cn(Eu) must be established, as must the limits of its

increase with energy.

2. The cross section OYN in the domain above 1011 ev, and its change with

energy, must be estimated.
3. The cn(A) relationship must be investigated.

It goes without saying that the goal is a precise formula for the Eq. (10)

cross section.

The problems considered show that there are, in the physics of cosmic
u-mesons, problems of interest to high energy physics. Once the percentages of
K~ and r-mesons at energies greater than 1012 ev are established, certain con-
clusions can be drawn concerning the role of foreign particles at these energies.
The second problem is of greater interest for the physics of | -mesons. A com-
parison of cross sections of the inelastic interaction of j-mesons and electrons,
as made in [19], provides hope for a solution for the basic problem; the problem

of the difference in the masses of the y~meson and the electron.
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AN EXPERIMENTAL SEARCH FOR HEAVY PARTICLES AT SEA LEVEL

A, M, Gal'per, V. A. Gomozov, V. G. Kirillov-Ugryumov,
Yu. D. Kotov, B. I. Luchkov

ABSTRACT. A method for isolating heavy particles, the experi-
mental installation used, and the first results of a search at
sea level for heavy particles with unit charge are déscribed.
There are, at this time, a considerable number of papers dealing with the 157
search for quarks with a fractional charge (1/3 e, 2/3 e and 4/3 e), in acceler-
ators [1-5] and in cosmic rays [6-17]. Results of all these searches have been

negative. The upper limit of the flux of quarks in cosmic rays is about 10.-10

em 2.sec tester™ at sea level {16, 17]. However, there is the possibility that
a theory holding that quarks could have a whole unit charge (1 e) [18] could be
built. The search for quarks with unit charge has been much less intensive, and

8

the corresponding upper limit of the flux of these quarks is approximately 10°

cm -sec-l-ster-1 [19-24].

The search for heavy particles with unit charge in cosmic rays is of in-
terest in and of itself, and regardless of the quark hypothesis. Particles such
as these could be new elementary particles, or singly charged nuclei, such as

the heavy hydrogen isotope Hs, for example.

The presence of heavy, long-lived particles in cosmic rays was suggested
in [25] in order to explain certain experiments in connection with the study of
cosmic rays [26]. Reference [27] presented the results of searches for heavy,
long-lived particles with mass greater than, or equal to, 5 GeV/c2 and lifetime
T =210 second, with strong and/or electromagnetic interactions. As in the

case of quarks with fractional charge, no such particles were found.

This paper describes the method used to isolate heavy particles, the ex-
perimental installation used, and the first results of a sea level search for
heavy particles with unit charge. The isolation method used resulted in the
recording of subrelativistic particles with velocity B < 0.59, mass M 2 3.5
GeV/cz, and lifetime 7 = 5-10_9 second. Particles could be recorded by the

ingtallation if they traversed it unaccompanied by other ionizing particles.
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1. The Isolation Method Used

Isclation of heavy particles from the total flux of cosmic rays is based on
the dependence of the ionizing path of the particle on its velocity, charge, and
mass. The path of a particle with charge Z, mass M, and velocity gc ctan be

expressed in terms of the following relationship

M
R === f(Be),
where
f(gc) is the universal function of gc.

For fixed velocity, the path is directly proportional to the mass of the
particle, and inversely proportional to the square of the charge. The longest
path will be in the tritium nucleus, at least among the known singly charged
particles. If a block of a material, the thickness of which is in excess of
the ionizing path of a tritium nucleus with given velocity, is placed in the
path of a stream of particleé, all the known particles, mesons, protons, deu-
terons, tritium nuclei, and nuclei with Z 2 2 with the same velocity, will be
decelerated and will stop inside the block. Only particles with mass greater
than the mass of tritium will traverse the block. By thus making a selection
of the particle flux in terms of velocity (something that can be done with a
Cerenkov threshold counter) and in terms of path, heavy particles can be iso-

lated from the flux.

2, The Installation

The block diagram of the installation is shown in Figure 1. Two Cerenkov

counters, CC, and CC,, with a threshold velocity Bmin - 059, are used for

1

J
SChy
SCy

cCy
CCo
SCho

Pb
SCo

C
S h3

c16

.

Figure 1. Block diagram of the installation.
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velocity selectors. Events are recorded when there is coincidence between

pulses from the scintillation counters SC. and SCZ’ and no pulses from CC_. and

1 1
CC2' At the same time, particles traversing the entire installation, and which
have velocities below Bmin in CCl and CC2, are sorted out. The block of 1eéd,

137 g/cm2 thick, absorbs singly charged particles with velocity below Bmin and 159

mass less than 3.8 mp, where mp is the proton mass.

The spark chambers isolate cases of singly charged particles traversing the
installation without scattering. Scintillation counter J, which measures the
ionization produced in it by particles, is used to separate the heavy particles
from the ,-mesons, protons, tritium nuclei, and particles with Z 2 2 that can be

recorded as a result of the counting losses in the Cerenkov counters.

When a charged particle traverses the installation, pulses with 50 nsec
delays are supplied to the coincidence circuit, CoC, which has a resolving
time of 16 nanoseconds, through the amplifier. Pulses flow from CC1 and CC2
through the amplifier to the pulse shaper, FC, the output of which is a 100
nanosecond pulse if a pulse from just one of the Cerenkov counters is supplied
to the input. The pulse then flows from the shaper to the anticoincidence cir-
cuit AC, in the inhibit channel. The pulse path is then from counter J through
the cathode follower, CF, to the input of the S1-8 oscillograph.

A pulse from the AC output triggers the oscillograph sweep, the high-voltage
pulse generator, PVG, and the circuit for triggering the photorecorder, PT. The
RFK-5 photorecorders photograph the oscillograph screen and the spark chambers

in two projections.

Counters SC. and SC_ set the aperture ratio for the installation, which is
31 cmz-ster. The counters are plastic scintillators measuring 160 x 160 x 15 mm.
Light conductors serve to end-collect the light. FEU-16 photomultipliers, two
for each counter, are used in the counters. A cable with a characteristic im-

pedance of 150 ohms is the FEU-16 load.

The Cerenkov counters, CC. and CC are designed to disconnect the logic

1 2
element when particles, the velocities of which are g > 0.59, traverse the in-
stallation. They are made of TF-3 lead glass (specific weight 4.46 g/cm3)

200 x 200 x 80 mm. Each glass block is edge-scanned by two FEU-52 phofomulti-

63



pliers. The two anticoincidence counters are used to reduce the background of

false readings because the counting loss probability is (l-—ﬂc)z, where nc is

the efficiency of each of the Cerenkov counters. When relativistic cosmic

-mesons were measured counter efficiency was = 0.985 + 0.005.
L c

The ionization counter, J, is designed to measure the ionization produced
in it by a particle traversing the installation, and is a plastic scintillator
measuring 500 x 500 x 50 mm. It is scanned by five FEU-36 photomultipliers.

The counter is shifted 40 mm relative to the axis of the installation and part

of the scintillator acts as a light conductor. Amplitude resolution for counter

J, measured by cosmic ; -mesons, is approximately 30% (Figure 2).

" , 100 /60
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Figure 2. Counter J resolution curve Figure 3. Efficiency of spark chambers
plotted from cosmic y-mesons. Ioniza- in terms of delay time, td.

tion in millimeters of the oscillo-
graph scale 1is plotted on the X-axis.

A1l photomultipliers were selected for signal/noise ratio, and have matching'£62

impedances in their supply circuits. Spark chambers SCl—SC3 have two 10 mm gaps

apiece,  and are filled with neon at atmospheric pressure. The gas in the cham-

ber is replaced by purging after each week of operation. The response surface

of the chambers measures 400 x 400 mm. Spark chamber electrodes are 4 mm thick

sheet aluminum. The side walls are made in the form of plexiglas strips with a

cross section of 10 x 10 mm. Figure 3 shows spark chamber efficiency in terms

of delay time. A high-voltage pulse, delivered to the SC, and delayed 1.2 ySec

with respect to the functioning of the anticoincidence circuit, a delay with
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practically no effect on chamber efficiency, is used to counter the effect of

pickups from the spark chambers on counter J, All chambers are connected in

parallel.

Figure 4 is the 4S + 2AS coincidence-anticoincidence circuit diagram. It
includes nine 6Zh9P tubes and two 6V1P tubes. The coincidence channel resolution
time is 16 nanoseconds. The circuit operates on negative input pulses with an
amplitude greater than, or equal to, 1 volt. The input impedances of the cir-
cuit channels are 150 ohms, the positive output pulse has a 25 nanosecond front,
a duration of 100 nanoseconds, and an amplitude of 10 volts. The anticoincidence
channels can operate in the addition mode, as well as in the coincidence mode.
The 300 volt supply circuit draws 50 milliamperes, the 150 volt supply circuit

140 milliamperes.

Figure 5 is the RFK trigger circuit.
+300 When a signal is supplied to the input to

4 H F} this circuit thyratron TGZ is triggered. The
: ' [——— A _{_63

thyratron cathode circuit includes relay R_.
J(No)le 1

—— B

The pair of contacts of this relay closes

the circuit supplying the motor and its re-

(NO)5Ry
duction gear. The motor shaft speed is 24

rpm. This shaft also carries cams for

NCR2 . .
closing associated contacts. The RFK motor
Figure 5. RFK trigger circuit. is energized when normally open contacts
A - RFK motor circuit; (NO)lR2 are closed, and when contacts (N0)2R2

B - RFK film transport circuit. . . .
m po ct are closed the RFK is supplied with a pulse

that energizes the film transport circuit. Finally, the normally closed contacts,
NCRZ, open and quench the thyratron. Motor inertia is such that the contacts re-

turn to their original positions. The film transport cycle lasts for 2.5 seconds.

3. Experimental Results

The installation was used on the ground floor of the building, and was
covered by material equivalent to 80 cm of concrete. Counter J was calibrated
on cosmic p-mesons systematically during installation operation, and this was
done with counters CC1 and C02 disconnected, 777 cases of installation opera-

tion were recorded in 531 hours of use, during which the pulse from counter J
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was recorded and measured. Most of these events were rejected on the basis of

spark chamber selection criteria, in accordance with which only those cases were
selected when:

(a) only one primary particle traversed the installation;

(b) the continuation of the particle trace upward entered the coincidence
counter and the working part of counter J;

(c) the scattering angle in the lead block did not exceed 5°.

The selection criteria adopted avoided cases caused by particle showers.
The result of the selection left 14 events. Thus, use of spark chambers in the

installation resulted in a reduction in the background by a factor of approxi-

mately 50. Figure 6 shows the ionization distribution, as measured by counter J:

(a) for all events with counters CC1 and C02 disconnected;

(b} for events with counters CC, and CC_ disconnected, and satisfying the
1 2 ?

spark chamber selection criteria (calibration u-mesons);

(c) for 777 events recorded by the installation with counters CCl and CC2

connected;

(d) for 14 of the 777 events satisfying the spark chamber selection criteria.

Most of the cases of distribution in Figure 6d are, evidently, p-mesons
recorded by the installation as a result of counting losses for counters CC1 and
CCZ' The heavy, singly charged particles recorded by the installation are the
result of ionization in excess of the double ionization of a relativistic par-
ticle; that is, they should fall in the right-hand side of the distribution in
Figure 6d. The ,-meson distribution (Figure 6b) is compared in what follows
with the distribution of the selected events (Figure 6d). Cited here are the
percentages of cases, p , in p-mesons of digtribution with pulse amplitude
greater than some magni:ude X, the expected number of p-mesons with similar

ionization from the selection in 14 events, NM’ and the observed number N, of

cases with such ionization among the 14 selected events:
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The observed number exceeds the expected number of u-mesons with increased
ionization, as will be seen. The probability that this came about as a result
of a random fluctuation can be established through a Poisson distribution and
proves to be quite small; about 7.5% for X = 18 mm, and approximately 2% for

X = 27 mm.

The estimates we made of the background attributable to nuclear interaction
of | -mesons and to protons of cosmic rays scattered in the rear hemisphere showed
that the expected number of such events is considerably less than one. Thus, the
two particles with increased ionization observed among the 14 cases cannot be
reliably explained by statistical errors, nor by the fixed counting losses in the
installation that we know about. However, because of the very meager statistics
it is too early to draw any conclusions with respect to an interpretation of the
result obtained, the more so because these two events could even be the result of
certain methodological errors that were not even considered. A new, improved,
installation is now being built, one that will enable us to verify and refine

the results obtained.

We can establish the upper limit for the flux of heavy particles with unit /66
charge by taking into consideration all recorded ;-meson events. It is equal

8

- 2 - . . . . . .
to 3.4-10 (cm™-s~ster) 1. Figure 7, in which particle mass in units of pro-
ton mass is plotted on the X-axis, and kinetic energies on the Y-axis, shows

the energy domain for particles recorded by the installation.
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RESONANCES IN KK~ AND KA-SYSTEMS

V. S. Demidov, V. G. Kirillov-Ugryumov,
A. K. Ponosov, V. P. Protasov, F. M., Sergeyev

ABSTRACT. Investigations made of the decay of baryonic and
mesonic resonances with zero strangeness to a pair of strange
particles (KOp or K? K?) are discussed. The effective mass

of the baryonic system is between 1.6 and 2.4 GeV, that of
the mesonic system between 1.0 and 1.5 GeV.

Investigation of the resonance states of elementary particles today is one
of the fastest developing branches of physics. The progress in the field toward
increasingly higher energies, together with improvements in experimental tech-
niques, make it possible to study resonances with large mass and to observe the
rare channels of decay of known resonances. This paper is devoted to the in-
vestigation of decays of baryonic and mesonic resonances with zero strangeness
to a pair of strange particles (KOA or K? K?). The effective mass of the
baryonic system is between 1.6 and 2.4 GeV, that of the mesonic system between

1.0 and 1.5 GeV.

1. KA-System. Phenomenological Analysis.

Initially, the experimental investigation of reactions with K-mesons and
A-hyperons in the final state was the result of interest in threshold anomalies,
so~called cusps. A. I. Baz' and L., B. Okun' [1] used the unitarity ratio for a
scattering matrix to demonstrate that the amplitudes of those channels already
discovered undergo a sharp change near the threshold of a new channel. This
effect appears in the form of narrow anomalies (width AE ~. 1 MeV) in the energy
relationships for the total and differential cross sections, polarization, and
the like., In addition to the independent value of these anomalies (cusps),
of interest as well is the fact that the relative parity of secondary particles
in the different channels can be determined, in principle. The cusp anomalies
in the channel

=+ p->K+ A
(1)
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near the threshold of reaction i~ p -+ KL for finding the relative parity of the
A- and z?hyperons, has been suggested as being applicable to reactions with

strange particle production.

There was no success in discovering cusps in the experiments connected
with the investigation of the Eq. (1) reaction because of the extraordinarily
rigid requirements with respect to the energy resolution, but these experiments

did provide many other important and interesting characteristics of the reaction.
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Figure 1. Total cross section of the Figure 2, Characteristic shape of
Eq. (1) reaction in terms of m-meson the angular distribution of A-hyperons
kinetic energy [4]. in a CM-system for the Eq. (1)

reactiong ETT = 905 MeV.

It developed that ETr has a clearly defined maximum when ETT = 925 MeV, and a small
Nehoulder Wwhen ETT = 829 MeV (Figure 1), when the total reaction cross section
is plotted in terms of primary m-meson energy. The principal movement of the
A-hyperons (K-mesons) in the CM-system for the reaction is backward (forward)
relative to the movement of the primary meson (Figure 2). The terms with n = 3;
4 in the polynomial 49 /d() = ZCn cos" 9, where § is the angle of emission in a 159
CM-system, made an unexpectedly great contribution near the threshold in the
approximation of the angular distribution of the secondary particles. The ‘
dependence of polarization on § becomes zero twice (Figure 3) in the region of the

shoulder (E1T = 829 MeV), and once in the region of the peak (Figure 4).
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« is the parameter for the
asymmetry of the A\-decay (o < 0)3
P(p) is the polarization [2]. Figure 4. The ¢P(8) relationship when
E = 990 MeV [2].
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_1 -

Let us consider the kinematics of the Eq. (1) reaction. The differential

cross section can be written in general form as follows:

ds . kx ___l_’_ T 2_A2
49 &, (8xWp | Tyl )
where
kl and k2 are proton and hyperon momenta, respectively; Z?o
w is the total energy in the CM-system;
Tif is the matrix element for the transition from the initial to

the final condition;
A is the reaction amplitude.

The expansion of the amiplitude in eigenfunctions of the total momentum

when the proton target is mnot polarized can be represented in the form

Az~ B [fE1(W) — fra(W) P (cos0) — X [fi+ (W) —

51 >1
~ fi- (W)} P/ (cosB) cos b + i Y[ f; (W)— fi~ (W)] P/(cos®)sin$,
1>1
where
0 is the angle of emission of a hyperon relative to the direction

in which a primary meson is moving;

7h
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are partial amplitudes for the orbital momentum, {, and for the total

momentum j = { + 1/2 and j = 1t - 1/2;
Pi(cos ) is a derivative of the Legendre polynomial.

The amplitude A* corresponds to the projection of hyperon spin in the

direction n = k, x kz/lk1 x k_ |, equal to + 1/2; A is the amplitude for the

1 2
projection equal to -1/2. Using the expansion of A, the differential cross

section can be written in the form

ds
dQ

= I fs?+ 1 f212 — 2cos O Re ( f, f2*). (2)

Here

fi =X [fE1(W) — fia (W)] P/ (cos b);

>1
fo=Y1fr (W)= f- (W)} P/ (cos9).
i1
The expression for polarization too is readily obtainable as

I/!j-',l? — A _ 2sin01Im (f, f2%) . (3)

P6)=
ClAtP+ AT da|dQ

The more natural approach, from the experimental point of view, and after
adapting Eqs. (2) and (3) to the angular distributions and to the polarization
distribution obtained, is to attempt to find the magnitudes of the partial
amplitudes, fl' Rimpault used this procedure [2]. The range of energies from
the threshold of reaction mp # KA (768 MeV) to 1000 MeV was used in his work
for purposes of analysis. This was the basis for taking into consideration

only a limited number of complex amplitudes of f Used in the computations

.
+ + -
were f0+’ fl—’ fz", f3 s 12 unknowns in all. The solution was found by min-

imizing the expression

L3
H? = 2 (A“"—}/nﬁ )2+(A‘-—-_-'/,_li———)2’ (&)
i=1

where

k is the number of intervals in the angular distributions;

1 ds .

nt = - ine[I + P(O)‘e],
~_ 1 _a _ .
n 7 a0l P®)eh
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do/ine, P(e)ie are the experimental values for the differential cross

section and for the polarization in the it angular interval,
respectively.

As will be seen, the method used is an ingenious modification of the least

squares method so as to reduce the degree of the equations for determining the

amplitudes. The computations showed that amplitudes fo+, fl_, fz—, f3_, played

a dom}nant role in the energy range investigated, and that their squares can

reach maéﬁitudes of the order of 20 barns (depending on the energy of Eﬂ).

Figures 2 through 4 show the distributions corresponding to the solutions

obtained.

3

If the amplitude f is represented in the form of a Breit-Wigner dis-

tribution
C

fo= W, — W2 — T2

(C is a normalizing constant), the values obtained for this amplitude will
correspond to the parameters Eﬂ,&,890 MeV (wr ~ 1685 MeV), with [ . 180 MeV.
These magnitudes coincide with the parameters for the F5/2 ~resonance for
elastic mN-scattering (the isotopic spin state “is T=1/2). The behavior of f3—

with respect to the energy also is confirmation of the presence of resonance.

Since magnitude values were sought by adapting to angular distributions
and polarization it is only natural that the computed curves describe the ex-~
perimental results very well in these cases (see Figures 2 through 4). The
situation was demonstrably considerably worse for total cross sections. In the
region of the peak for OKA in terms of the energy (ETr=¥ 925 MeV), the computed
cross section was obtained as half the experimental cross section. This means
that the situation is incomparably more complex than it would be if it were
evaluated from a common sense standpoint. One possible way to overcome the
divergence thus appearing is to use different variants of the set of partial
amplitudes, and even to include greater momenta. However, it is quite clear

that the participation of resonance states is necessary in order to explain the
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behavior of the total cross section. /72

Another direction in the theoretical analysis of the data on the Eq. (1)
reaction is based on definite assumptions concerning the dynamics of the process.
It is believed that the principal experimental characteristics, such as the
total cross section in terms of the energy, the angular distributions of the
hyperons (K-mesons), and polarizations, provide a means for considering the
amplitude of the reaction in the form of a sum of Born amplitudes and the con-
tribution from the resonance conditions in the straight and intersecting channels.
The position and width of the resonances are considered to be additional para-

meters.

As is known, the kinematics of a two-particle reaction can be described most

simply by Mandel'stam [sic] variables

S$=(p1 +q1)? = (pz: + 20 (s-channel); (5)

t=(p1+p.) = (g, + 92)° (t-channel); (6)

4= @1+ @)l =P+ ¢:)* (u-channel). (7)
Here pl(z) and q1(2) are four-dimensional nucleon (hyperon) and m-meson
(K-meson ) momenta, respectively, and pl2 = mlz. The Born term in the s-channel
corresponds to the single-nucleon intermediate state (Figure 5a). The Born

term in the u-channel can be described by a single-particle diagram with exchange
of a strange baryon (Z*) (Figure 5b). Finally, the term with the K*-meson

in the intermediate state (Figure 5¢c) is considered in the t-channel)

Various combinations of Born poles and resonance terms have been investigated.
Kanazawa [3] attempted to explain the experimental data by considering the am-

plitude of the reaction in the form of the sum of three terms, the nucleon pole,

the y-pole, and a resonance term, the

~ . " K° 3 K parameters of which were determined by
L
adaptation to the experiment. There

N ,
K* was success in obtaining agreement with

/A 1 % 4 the experiment in the region of the
a b L c A total cross section peak for the con-

dition that P - or P

1/2 3/2
Figure 5. Diagrams corresponding to the was included. However, the model /73
Eq. (1) reaction.

—resonance

yielded an increase in the percentage
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of K~mesons moving in the rear hemisphere with increase in energy. This was

not confirmed experimentally.

Hoff [4] considered a model with two resonances; one in the region of the
reaction's total cross section peak, the other in the region of the '"shoulder" when
E.'_r = 829 MeV., A term, corresponding to the K*-meson exchange, was introduced
in order to explain the angular distribution of hyperons. It should be pointed
out that this term most naturally describes the backward movement of hyperons in
the CM-system for the reaction, whereas the nucleon pole provides a symmetrical
divergence, with the Y-exchange leading primarily to the forward movement of
hyperons in the CM-system. The last two terms must be combined with definite
weights and with opposite signs, in order to adapt the data from the experiment

based on these terms.

Analysis revealed that polarization in the basic data can be described by
the interference of the K*-exchange term and of the resonant Pl/z—wave. The

P variant is rejécted on-the ground that it yields a forward peak for hyperon

3/2

divergence at energies above resonant. It was possible to describe polarization

near E1_r = 829 MeV by including the resonant F -wave.

5/2
The resonance parameter values listed in Table 1 can be obtained by repre-
senting the resonance amplitudes in Breit-Wigner form. Analogs for these reson-

ances were not found in elastic pN-scattering.

TABLE 2
TABLE 1 —
: Wave w,.MeV| T, Mev
j ’ ! w,MeV| Ty, _
MeV

Py 1497 89
1)2 1 1704 64 03/2 1534 105
5/2 3 1647 ~10 F5/2 1690 100

The Hoff model satisfactorily describes the entire set of experimental data
up to the threshold of the reaction mtp + KX. After that, however, there is a
sharp deterioration in concordance .with the experiment. First of all, the com-
puted total cross section becomes larger than the experimental one by a factor of
2. Second, the shape of the angular distribution changes with increase in energy.
The A-hyperons begin to move forward in the CM-system. The simplest way to
attempt to explain the unsoundness of the model at these energies requires the

inclusion of other partial waves.
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As distinguished from the analysis made by Hoff, reference [5] considered /74
the amplitude of the reaction in the form of sums of the K*-exchange term and
the resonances corresponding to the established resonances of the nN~scattering

with isotopic spin T = 1/2. Resonances used are listed in Table 2.

What follows from the computation is that the total cross section cannot be
described satisfactorily by any pair of resonances from Table 2. Nevertheless,
the variant with a combination of P- and F-waves comes closest to the experimental
points. It should be pointed out that the angular‘distributions and polarization
are described better by combinations of P- and D-waves than by other possible
pairs. A computation was made for three resonances as well, Only angular dis-
tributions were described satisfactorily, however. In this variant the total
cross section can be described only qualitatively, and generally speaking there
was no success in obtaining concordance with the experiment for polarization

distributions.

The above-considered papers discussed the singularities of the amplitude
of the reaction closest to the physical region; the contribution of long-range sing-
ularities was assumed small. An attempt can be made to take this contribution
into consideration in some fashion, at least in principle. An attempt such as this
was made in [6]. The authors considered the amplitude in the form of the sum of
the nucleon pole, the Z-exchange term, the K*-exchange, and the resonance F5/2 in
the channel with isospin T = 1/2 (1688 MeV). The remainder of the amplitude was
represented in the form of a polynomial in s and t variables. The coefficients
of this polynomial, as well as the statistical weights of the resonance terms were
considered as parameters. The numerical results were obtained by adapting the gen-
eral computational expressions to the experimental angular distributions for prim-
ary m-meson energies E = 791, 829, and 870 MeV. It was shown that partial waves
up to F

P
3/2
to find out that the amplitude P3/2 acted like the real part of the resonance

. . . . sy s s
7/21 inclusive, took part in the reaction, but that conditions 1/2 and

played the principal role in the region considered. It is very interesting

amplitude corresponding to Wr;w 1660 MeV, depending on the energy.

The set of parameters in this paper could only describe the total cross
section of the reaction from the threshold to an energy E1T = 830 MeV. Polar-
ization distributions were not at all in concordance with the experiment, even
in this interval. Hence, it is apparent that the situation in the channel with
T = 1/2 is extremely complex, and far from exhausts the store of data obtained

in the mN-scattering. A detailed analysis of the theoretical work done reveals
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that the lack of success in explaining the Eq. 1 reaction is attributable to a
number of circumstances, particularly to the inadequate consideration given to
the unitarity ratio, to neglect, without specific bases, of the imaginary parts
of certain partial amplitudes, and others. A detailed analysis is beyond the 475

scope of this paper.

What follows is important, and must be pointed out. It is completely
clear at this point that the explanation for the Eq. (1) reaction requires the
use of the resonance conditions with the K-meson and A-hyperon decay channel.
The possibility of the existence, in this channel, of resonance conditions that
were not discovered in the elastic mN-scattering, for whatever reason, cannot
be excluded. A, I. Baz', et al., pointed to the possibility of the existence
of th;s résonance [7]. Analyzing the data on the behavior of the cross section
of the mp »+ KX and 1tp -+ KA reactions, they concluded that the existence of a
level in the K¥-system with isospin T = 1/2 and binding energy Q ~ 30 MeV, was
possible. This level should result in resonance in the KA-system below the
threshold of y-hyperon production. The authors emphasized the fact that
KA-resonance is a secondary phenomenon attributable to the peripheral inter-

actions of near-threshold particles.

2. KA-Resonances. Survey of the Experimental Data

Ye. V. Kuznetsov, et al. [8], made the first attempt at a direct experi-
mental finding of resonances in the KA-system. Heavy-liquid bubble chambers
were used to study the production of A-hyperons and K-mesons by m-mesons with

P = 2.8 Gev/c. Investigating the binding energy distribution for the system

Qua = y/ (Ex + E\P = (P + P, — (M, + M,)

where

Ei is particle energy;

Pi is a three-dimensional pulse;

MA and MK are the A-hyperon and K-meson masses, respectively,

the authors found a concentration of events near the low QKA values. Also
found was a notable percentage of cases when a meson and a hyperon move in the

same direction. Meson-hyperon pairs of these events had a low QKA value. These
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facts were the basis for the conclusion that resonance in the KA-system with

a mass of 1650 MeV exists. This result, it would appear, confirmed Hoff's
prognosis and, in addition, agreed with the conclusion drawn by Bertenza, et al.
[9], who explained the anomalous behavior of the polarization of the A-hyperon
in the Eq. (1) reaction for energy ETT = 829 MeV by the resonance with this mass

value.

However, reference [10], which is a continuation of the research reported
in [8], used a much more detailed analysis, and incomparably greater statistical
materials, to prove that the experimental accuracies obtained were such that
they did not permit making a judgment as to the appearance of KA-resonances 1176

against a background of random processes.

Reference [11] used spark chambers to study the generation of the KOA-system
in the 7 p - KOAno reaction for a primary energy of 1.508 GeV. Hyperons and K-
mesons were identified from the photographed geometry of the divergence and from
the ionization of the decay products. JIonization was estimated from spark
brilliance. Analysis revealed that in approximately 84% of the cases the
reaction took place as a two-particle reaction with the participation of Y*(1380)-

resonance: 1 p -+ KOY*O,

A simple statistical curve cannot be used to describe the distribution in
terms of the effective mass of the KQA—system. Consideration of the Y* re-
flection in this spectrum will improve concordance of the computation with the
experiment, but the experimental results have a 3% probability of compatibility

with the existence of resonance in the Kp-system (M ~ 1680 MeV).

KA
The K" A-system, isotopically bound to the KOA—system, was studied in n+

p~interactions for energy ETT = 1.95 GeV. The following reactions were investi-

gated in a 20" liquid-hydrogen bubble chamber [12]

Kt+ A+ =t (8)
Tt p>] KO+ A4 wt 4wt (9)
K+ + A4 xt 4+ = (10)

A concentration of events close to the mean value for the mass of the Am-
system 1380 MeV, and close to the mean value for the mass of the K* A-system

1688 MeV, was found on the Dalits graphic for the Eq. (8) channel. The authors
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explain this by the appearance of decays in the resonance Y*(1380) - Aﬂ+s and

in the isobar N*'(1688) - K+A. It seems that Y* is missing in the reactions in

which the isobar participates, and vice versa.

A 30" propane chamber was used to study the m p - K'An~ and m p - KOARO
reactions [13]. The primary momentumwas 2.0 GeV/c. Mass distributions for
the K, Am and KA systems were obtained. The experimental distributions were

compared with the computed distribution, taken in the form

F(m;) = aFph + BF(Y*) +7 F(K*),
where

mij is the mass for the combination of the ith and jt particles;
th is the phase distribution;

F(Y*) and F(K*) are distributions that take into consideration the con-
tribution of resonances Y*(1385) and K*(888). These distributions

were written in the Breit-Wigner form.

It was found that all three experimental histograms can be adequately well
written using the following values for the partial weights: ¢ = 0.18, 8 = 0.45;
v = 0.37. However, there are definitely more observed cases than there are

cases on the computed curve near 1.86 GeV in the KA-system mass distribution.

Wangler, et al., used a 20" liquid-hydrogen chamber to investigate the
production of strange particles in m p-collisions with momentum of 3 GeV/c
[14]. The distribution in terms of effective mass MKA was close to the curve
for the phase volume in shape in channels with three particles in the final
state (K+An— and KOArO). There are no statistically guaranteed anomalies here.
Channels with four particles in the final state (ﬂ+n-AK0 and n-noAK+) yield

effective mass distributions with a characteristic concentration of events near

the left limit for both combinations of signs for the Kp-system, something that

is peculiar to multiparticle phase volumes, but narrow spikes near MKA
1.675 GeV and MKA = 1.95 GeV can be observed. While the first anomaly may corre-
spond to an N;/z (1688) -+ KA decay, the second (if it is authentic), corresponds
to an unknown resonance.

The authors analyzed their data and concluded that there is a strong
correlation between the Y*O and K*O productions in the w_p -+ AnOKfn- reaction,

that is; the reaction has the quasi-two-particle form ﬂ-p + Y*OK*O,  There is
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no such correlation in the n-p -» n_n+KA reaction. This can be understood on the
basis of the one-meson exchange representation. A K**, K*¥* Y*“_system can

occur at the same time as K*O and Y*O are produced in a reaction with a K or

a K*' exchange only during an exchange with a positive meson with a dual charge
and comparatively small mass. No such meson has ever beeg found. K* production
plays a significant role in a three-particle channel (0\°k%:°), with the role of

Y* a small one.

The mass spectrum of the KOA—system generated by n-—mesons with momentum
of 3.86 GeV/c on light nuclei (C, F, Cl) was studied by a group from the MIFI
{Moscow Engineering Physics Institute) in a 105 cm bubble chamber filled with a
mixture of light freons [15]. The effective mass distribution MKA has the form
characteristic of multiparticle final states. Events are grouped near small mass

values for M for the most part. Peaks are found in the intervals 1.65 GeV <«

KA?
MKA < 1.8 GeVAand 1.9 GeV < MKA < 2.0 GeV. A conclusion is drawn concerning the
appearance of resonance in a KA-system with parameters MKA Z1.94 GeV and T ~ 100
MeV. Bertanza, et al., [16], studying the m + p +» A + K + (accompaniment) reaction,
observed the appearance of A-hyperons, emitted together with K-mesons in the

front hemisphere when there is an increase in the multiplicity of r-meson accom- 178
paniment. Hyperons fly straight backward when multiplicity is small. The

authors explain this by saying that when multiplicity is small the KpA-system is
produced in the peripherial interaction, and that the role of central collisions

increases with increase in multiplicity. No direct observations of resonances in

the KA-system were made.

Reference [17] is an extremely detailed investigation of the joint produc-
tion of A and K in the interval of momenta of T-mesons from 1.8 to 4.2
GeV/c. There were no indications of the existence of Kjp-resonances, despite the
fact that a very detailed mass analysis of final states was made. Of interest
here are the results pertaining to the formation of Y* and K* resonances. These

can be discussed in some detail.

Resonances Y*O1 and Y*_1 make a significant contribution in the state with
three particles at the end up to energies of the order of 2.5 GeV. Their weight
decreases with increase in energy, but for ETT = 3.3 GeV the contribution v+9 to
the AKono state is still some 30%; the weight of Y~ drops off more rapidly. The

role of K* resonance exists over the entire interval of energies investigated.
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Even in this case the resonance production cross section falls with increase in

energy, with K+ subsiding more rapidly than K*O.

The combined production of Y*l (1385) and K* (890) predominates for four-
and five-particle final states from 1.8 to 2.2 GeV, to the extent that the
majority of the reactions can be explained by quasi-two-particle arrangements:
m p - Y*K*, However, the Y* and K* resonance production cross sections de-

crease with increase in primary energy.

Resonance in a K' A-system with a mass of some 1.7 GeV was found [18] in

the reaction

"THp A+ K 4T (11)

upon irradiation by m-mesons with momentum of 6 GeV/c in an 80" liquid~hydro-
gen bubble chamber. It is interesting to note that the authors failed to find
amplifications in the KQA and K+A mass spectrum in channels

nTAp o AR+ (12)

and
mt+p—>A4+ K+ =t
(13)

They see the explanation of the effect in the possibility of describing the
reactions on the bases of exchange diagrams with the production of a KA-system

at one apex.

Associated with the Eq. (11) and Eq. (12) reactions in a straight s-~channel /79

are two amplitudes A1/2 and A3/2, corresponding to the possible isotopic spin

states with unknown phase difference. Only one amplitude, A3/2’ takes part in the Eq.
(13) reaction. Reactions in the crossed t-channel can be described in terms of

the isospin exchange amplitudes BO and Bl (I =0, I =1), establishing the

G-parity exchange (fO or p). Then the cross sections in the t-channel can be

written in the form
sy =C(2/3)2| | By| + | By | el¥ |7;
0 =C |21,
o= C2By2 || B, | — | B, | e,

where

© is the difference in phases between BO and Bl.
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Pointing out the fact that the amplitudes Bo and B1 have opposite signs,
the authors came to the conclusion that the suppression of the AK-anomaly in the
Eq. (12) and Eq. (13) reactions takes place as a result of the interference of
small B1 with BO, which is large in magnitude (or of small A3/2 with large Al/2
in the s-channel). Reference [18] contains the conclusion that the anomaly that
does appear can be the reflection of the isobar N* (1688), but the experimental

data are compatible with direct proton dissociation to AK&.

Associative A and K production in a heavy-liquid chamber (86% propane by

volume, 14% CFBBr by volume) by T -mesons with momenta of 6.1, 11.6, and 18.1

GeV/c were studied {19]. It was found that inh a reaction with little m-meson accom-

paniment, the A-hyperons will fly straight backward (the K-mesons will fly for-
ward). The sharpness of the angular distributions diminishes with increase in

multiplicity. The four-dimensional momentum transferred to the hyperon is quite
large. Resonances in the KOn™* [K* (888)] and An+, An_[Y*1 (1385)] systems were

clearly noted in the experiment, so results could be explained by polar diagrams.

So far as the KA mass distributions are concerned, it is the contention of

the authors that since a strict correlation was noted between the values of the

binding energy QKA and the multiplicity of the r-meson accompaniment (small QKA -

large multiplicity; large QKA - small multiplicity), the groupings of events
near the small binding energy values can be explained by the faster kinematic,

and not resonance, effects.

Three-, four- and five-particle states wi‘h a A-hyperon and K-meson were
studied in an 80" liquid-hydrogen chamber in ~p-collisions with momentum of
7.91 GeV/c [{20]. Noted in the mass spectrum of the AKO and AK+-systems was an
intensification with a mean mass value MKA ~ 1.7 GeV and a width of 75 to 100
MeV. Narrow spiltes with~ 1.9 to 1.95 GeV for MKA and ~ 1.8 to 1.85 GeV for MKA’

also were noted. The authors are of the opinion that the anomaly with the value

Mgp ~ 1.7 GeV is the result of the decay of the N* (1688) isobar. The authors

evidently attach no significance to the other irregularities.

The associative production of K-mesons and of hyperons too has been quite
widely studied as related to NN-collisions, but the conclusions as to the nature
of the interaction of a hyperon and a K-meson in these reactions also are am-

biguous.
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The Bierman group [21] used an 80" hydrogen chamber to study pp-collisions
in the case of a 5.0 GeV/c momentum. Intensification in the mass spectrum of a
K*p-system (pp » pAK') reaction) for a value MKA'V 1.7 GeV was observed. As
the authors say, this can be explained by the overlapping of the effects of
peripheral interaction and the decay of the N* (1688) isobar. The diagram with
m-meson exchange can be the basis for a complete explanation of the results of

the investigation of the p + p » p + n+ + A+ KO reaction.

pp-Collisions with momentum of 5.5 GeV/c also were studied in an 81 cm

liquid-hydrogen chamber [22]. The
P+A K
P+ A+ K+ =t
p+ A+ K+ =%
n+ A+ K+t

p+p—

reaction was investigated. The authors claim that a peak appeared at the value
MKA ~ 1.7 to 1.8 GeV in all mass distributions for a KA-system. It is the
opinion of these authors that the results of the experiment can be explained by

a peripheral diagram with production of a K-meson and YI at a single apex.

(0)

Reference [23], which investigated this same reaction, contains a AK+
mass spectrum. The primary momentumwas 6.92 GeV/c. A concentration of events
with small masses was obtained in the mass spectrum for a three-particle product
state, and this can be explained by the p + p -+ NI/Z (1688) + p » A + K"+ P
reaction, or by the peripheral interaction in terms of a single meson exchange
in which A and K occur at the same apex. When the authors analyzed the pp-inter-
action data at lower energies they found a shift of the mass distribution peak

from My ~ 1.7 GeV to MKA ~ 1.8 GeV, with increase in the energy of the incident /81

A
proton, and this tends to favor the peripheral interactions explanation. Only
the single meson exchange is used to explain four-particle states in this re-

ference.

Reference [24] studied pp-collisions with momentum of 10 GeV/c. States
with four and five particles at the end, ANKm and ANK?Tm, were reviewed. This
reference cites the intensive production of Y* (1380) and Y* (1650). The authors
estimate the formation of the N* (1688) isobar with a probability of about 18

+ 9% in these reactions.
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So far as the KA-system is concerned, there is an excess of the experi-
mental number of events over the phase curve in the mass domain from 1.7 to 2.0

GeV in the mass distribution, in the reaction p + p * A + K+ N + ¢, Al-

MKA’
though concordance with the phase distribution is not very good, the statistics
were too meager for the authors to draw any conclusions as to the presence of

resonances of any sort in the Kp-system. Additional information on the experi-

mental investigation of resonances in the KpA-system can be found in [25, 26].

Table 3 lists "resonances" observed by different authors in the Kp-system.
It must be emphasized that not one of the resonances listed in the table has

been established uniquely, and conclusively.

TABLE 3
Eff;ftézs mass, Wigzs Ty Decay channel Literature
~1650 - AK® 8 9]
~1700 ~100 AK* (AK?) (12, 18]
1820 <60 AKe [25]
~1950 ~100 AKOYAK* ) (14, 15]

The foregoing shows that today problems connected with the properties of
the reactions of the combined production of K-mesons and A-hyperons, and partic-
ularly the question of the existence of resonance states in this system, have
not been solved. The mutual effect of the various channels with the partici-
pation of A and K in the product state has not been investigated. There are a
great many other gquestions that remain unclear, but they are beyond the scope

of this survey.

Only the following considerations can be incorporated here. The two- Zﬁz
particle reaction mmp #+ KA is the best studied one at this time. The character-
istics of this reaction in the energy domain near the Z-hyperon production
threshold can be understood if the explanation of resonance in a KA-system with
effective masses of 1.6 to 1.7 GeV is used. This reaction has not been analyzed
theoretically at higher energies, but the experimental data are extremely in-
teresting. Measurement of the angular distributions of A-hyperons has shown that
the ratio of the number of particles flying backward in a CM-system to the
particles flying forward as a function of the energy has a minimum in the case

of a primary meson mementump = 1.35 GeV/c, after which it once again increases.

87



This ratio reaches a maximum when p = 2.0 GeV/c. A second maximum also has
been observed at p = 1.42 GeV/c on the curve for the total cross-section of the
reaétion as a function of the energy [27]. This behavior of the total and differential
cross sections can be explained, in principle, by postulating the existence of
resonance with mass MKA ~ 1.9 GeV in the Kp-system. Still unclear is whether
this is a reflection of the decay of the N* (1920) isobar with isotopic spin
of 3/2 in the N* 4+ K + ¥y channel, or a new resonance. The problem of KA reson-

‘ » A+ y

ances is in need of careful study.

3. Resonances in the KK-System

The %nvestigatfon of the KK-system was more successful. Study of this
system made it possible to observe (@, f') resonances, for which this decay
channel is the main channel, and helped to establish the characteristics of the
known (Az) resonances. The study made of the KK—system provided indications of
the existence of new, as yet not finally established, (S8*, G) resonances.

The K'K  pair can be characterized by a definite charge and space parity,

with C = P = (—l)l, where { is the moment of the relative momentum of K and K.

As we know, it is not KO and ?p that take part in the reactions, but their linear

. . 0o . . ‘s
combinations Kl and Kg. The charge parity is positive for the K?K?- and KgKg-
systems, and negative for the K?Kg—system. Therefore, resonances with positive
parity decay into K?Kg- and KgKg-systems, those with negative into K?Kg. of

all the resonances observed in the KK-system, only the @-meson with mass M =
1019.3 * 0.6 MeV and half-width ' = 3.4 % 0.8 MeV, one of nine known vector

mesons with 1 spin and parity, has negative parity. It can be observed quite

distinctly in n_p—and K_p-interactions, as well as during the annihilation of /83
antiprotons.
. 0.0
An anomaly also can be observed near the threshold in the K K -system.

11
However, it can be explained by S* resonance [28, 291, as well as by the long
length of the scattering of a K-meson by a K-meson [30, 31]. Resonance in the

. . <. (0]
K?K?-system with mass of about 1.3 GeV, which can be interpreted as Ag -» KOK

11
decay, was observed for the first time by V. V, Barmin, et al., [32]. Today
this has been confirmed by the great amount of work that has been done using
heavy-liquid [33] and hydrogen [3%4, 35] bubble chambers, as well as spark cham-

. - 0] - .
bers [29, 31]. Most studied the 1w p - K?Kln or 1T p K?K? + neutral particles
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reactions with various f-meson momenta (from reaction threshold to 12 GeV/c).

Several resonances can be observed simultaneously at high m-meson energies.
. o)
The authors of reference [29] introduce four resonances (S*, f£O, Az, G), to

explain the spectra of effective masses for the KgKg—system observed.

An interesting situation has arisen in connection with the possible splitting
of the A2 resonance into two maxima. This effect was found with the aid of a
deficient mass spectrometer by G. Chikovani, et al., [36]. Crennell, et al.,
[35], found this same splitting with a hydrogen bubble chamber.. A significant
argument in favor of the existence of two resonances is that these people ob-
served only one of the two maxima in the KOKO—system in the A_-meson domain.

2
This led the authors to conclude that two ieionances, A2L and AZH’ with different
quantum numbers, did in fact exist. The difference in masses is 40 MeV. The
presence of two resonances with different quantum numbers explains the diffi-
culties that arose in establishing the quantum numbers of the Az—meson [371.
Other, circumstantial, evidence also is available. Morrison [38], for example,
arrived at his conclusion as to the pfesence of two resonances in the A2-meson
on the basis of an analysis of the dependence of the cross section of the pro-

duction of resonances on the primary energy. Nine mesons with 2* spin and parity

*
are known. These are the A, (three isotopic states), the K1405 (four states),
O o' . . . . . .
f, and £ . It is difficult to explain the existence of two A2 resonances with

identical quantum numbers [39], within the context of SUB—symmetry. It should

also be pointed out that one sees a single broad maximum in the pgrr-, as well as
in the Ki-system, in most of the experimental work in the 1300 MeV range. More-
over, one finds a maximum with a mass of some 1200 MeV (the so-called Al.5_
resonance) with width [ ~ 20 MeV [40, 41] in the prn—~system. Further experiments

are needed in this domain.

L. Results of the Experiment

* 0] 0. 0
MIFI studied the spectrum of effective masses of the K A and K Kl—systems

1
generated by n~—mesons with a 3.86 GeV/c momentum in a 105 cm freon bubble
chamber. The preliminary results have been published in [15, 33, 42]. 190,000
stereo photographs were processed. Figure 6a shows the effective mass distrib-
ution (250 recorded K?K? pairs for all stars). The concentration of events in
the 1200 to 1300 MeV range, as well as at small effective mass values, can be
seen. Figure 6b shows the analogous distribution (27 cases) for unrayed
events. )

¥MIFT = Moscow Engineering Physics Institute. 8
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Figure 6. Effective mass distribution for the K?K?—system.

Investigation of the KOA—system also was continued. Figure 7 shows the /85

effective mass, distribution for 536 reactions. The '"random stars"

MK A?
method was used to compare the experimental distribution with that computed.

It developed that the computed distribution can only describe the most general

outlines of AN (MKA). The computation does

o not reflect the irregularity in the experi-
7\ mental distribution.
60 . — ,

Estimates in terms of the Xz criterion
50 ] e . were made in order to explain whether or not
U1 the shape of AN (MKA) can be established by

40 N - _ | a selection from the original distribution
ﬁ 1 as represented by the "random stars'" curve.

30 It developed that the probability of such

selection, p, is less than 5% (p = 2.5%).

The observed anomalies of the mass spectrum

Egi_.__f

20
SF' thus cannot be recognized as random when the
0 ,I i - - : original significance level is p = 5%.
-ﬂ-—l:\ Since it has been established that an /86
0 S— = . -
1615 2015 2415 My, GeV  appreciable number of Y* (1385)- and K*

Figure 7. Effective mass (888)-resonances are generated in the

distribution for the KOA—system. reactions of the associated production of
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A-hyperons and K-mesons with m-meson aecompaniment, their effect on the distribution
of KKA’ was investigated. It developed that the reactions
K+ A4n= (n=1, 2, 3)
T+ N K*+A+nr (n=0, 1, 2)
K+Y*+nr (n=0,1,2)
could not imitate the experimental mass spectrum, individually, or in combinations.
The effect of decays of an isobar with isotopic spin T = 1/2 in N* 4+ K + A

channels on AN(MKA) can be analyzed, at least in principle. The mass distribution,

resonances taken into consideration, can be written in the form,

dN B 2
amn ~M | AT G e e, T |

where

M is system mass;
M is resonance mass;
T is resonance width;

o) is the phase factor.

Since the nucleus is the target in our case, dN/dM must be summed over all
possible reaction channels and energies occurring in the cascade process. We do
not know how the process develops in the nucleus, but if the fact that the reson-
ance term decreases rapidly with displacement from the resonance mass, is used,

the result of the summing can be approximated in the form

d B
ﬁ ~Aa£ + *(Mon_Ma)a +Tem
where
o5 is the sum of the phase distributions that we identify with the distrib-
ution of random stars. This latter formula has been used to compute the mass

distribution with resonances N (1688) F;/z and N (2190) G;/z taken into consid-

eration. Figure 7 (the smooth curve) shows the results. Clearly, the spike in

the MKA ~ 1.9 GeV area requires the introduction of yet another resonance term

to describe it.

The dependence of the asymmetry parameter, g, on the effective mass, also

was studied:
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o = '—b"——" —Ns ’
Np+ Ng

where Zﬁ?

N, and N

b £ are the numbers of A-hyperons flying backward, and forward,

respectively, relative to the direction of motion of Kj in its

system of rest.

This relationship is upset by a tendency to become symmetrical in the 1.65 GeV <

MKA < 2,00 GeV range, indicating the presence of resonances in this range.

Thus, the anomaly in the MKA ~ 1.9 GeV range observed in the mass spectrum
for the KPA—system, and the behavior of y, can explain the existence of resonance
for this system. The estimates of the parameters of the resonance are M ~ 1.94

GeV, T ~ 100 MeV.
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THE PRODUCTION OF AN OCTET OF PSEUDOSCALAR MESONS
IN THE COULOMB FIELD OF A NUCLEUS AND THE CROSS-SECTION
OF THE PHOTOPRODUCTION OF MESONS BY MESONS

G. S, Iroshnikov, Yu., P. Nikitin

ABSTRACT. The possibility of using information on the photo-
production of mesons by mesons based on data on the production
of mesons in the Coulomb field of the nucleus is analyzed.
The conclusion is that there is a real possibility of so doing
if the model of the strong interactions used is valid within one
order of magnitude.

The process involved in the photoproduction of a psuedoscalar meson, P, by

a meson (Figure 1)

1+P-+PP
(1)

Plx} Plx,) cannot be observed directly today because of a lack of
meson targets or counter meson and y-beams. This process
is still unrealizable by a laser light beam because -
mesons with energies E = 106 GeV would be required within

q ) the laboratory system. But as has been pointed out [1, 2],

Figure 1. Photo- it is possible, in principle, to measure the cross section

production of a of the Eq. (1) process by studying the reaction of the

pseudoscalar meson
by a meson.

interaction between the mesons and the nuclei

P+Z+P4+P+2Z (2)
when small momenta, A, are transmitted to the nucleus. The Eq. (2) process is
attributable to strong and electromagnetic interactions. If the cross section
of the Eq. (2) reaction is known when Az -+ 0, the cross section of the Eq. (1)
photoproduction can be derived, providing that the contribution of the inter-~
actions predominates when momentum transfers to the nucleus are small. At
the same time, it is desirable to study the Eq. (2) reaction when conditions are
such that the nucleus is not excited and the nucleons of the nucleus act co-
herently. There is then ho need to take details concerned with the structure
of the nucleus into consideration.

The nuclear matrix element for the transition is definitely different from

A"1/3

- [3] (here A is the number

zero for states with energy differences AE ~ E
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of nucleons in the nucleus; EF is the Fermi energy). The nucleus should not be
. 2 -1

excited, therefore, when momenta . A~ <« 2mEF A /3 are transmitted to the nucleus

(m ig the mass of a nucleon). What this means in the case of xenon (A = 131,

Z = 54), for example, is that 4 should be small compared with the mass of a
. 2 2
T~-meson, ,,, or, more precisely, A <€ 0.7 |y »
The momenta transferred during the interaction must be small compared with

the inverse radius of the nucleus, rRL in order to have coherent action on the

. 2 2
part of the nucleons of the nucleus; that is, A < 0.05 |, for xenon. The nucleus

/90

can thus be considered as an object that receives only recoil when the momenta trans-

ferred are small enough. At the same time, the computation for the cross section
of the Eq. (2) reaction can be greatly simplified, and it is easy to establish

that domain.of kinematic variables in which the Coulomb interaction is dominant.

As will become clear in what follows, the most convenient range of initial
energies, EL’ will be between 10 and 30 GeV, where the results are only slightly
dependent on the coupling constants. We can, therefore, assume that they are
equal for different reactions, right from the beginning. This confirms the com-
putation made for the relationships between the amplitudes of the reactions
within the framework of the SU3 symmetry. This will be discussed in what follows

because these relationships are of independent theoretical interest,

1. Production of an Octet of 0~ Mesons in the Field of the Nucleus and
the Cross Section of the Photoproduction of Mesons by Mesons

The Eq. (2) reaction can be described by the diagram shown in Figure 2, in
the lowest order of the perturbation theory concerned with electromagnetic inter-
action. The differential cross section corresponding to it is equal to

F, _ _ aZi| F(A)E  A>—Amin 05(Py-—>PP)

3(A)dsdu n " (s — m2) A ou (3)

where

2 2
m =k ;
2 2
ky = mys
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2 _ 2
o = Mol

o = 1/137;

k

F(Az) is the charge form factor for the nucleus;

2
A. = (s - m>) /2EL when s € E7 ;

min

EL is the laboratory energy of the bombarding mesonj Zpl

(P - PP)/du is the cross section of the photoproduction of mesons by
Y

2
mesons when A -~ O.
The magnetic form factor for the nucleus can be ignored [1].

As we know, in unitary symmetry theory
Ky the electromagnetic current is a component

of the vector octet (see [4], for example)

u Ie = (V,),
so the matrix element of the Eq. (1) process
Ky satisfying the requirements for gage, charge,
'8 %) and Lorentz invariance, has the form

T(Py— PPy =i(2n)' 8 (k + g— Ry — k2) 21im L, (9) Ra X

. . —_ —1 1, —
d i st ks {A(S, 2, £)[PY (&) P} (£,)Pb (k) — Py (£YP} () X
Figure 2. Diagram of the production Bk = B ‘s ;f k i# k)Pl (k) —
of a meson in the Coulomb field of X Pi(k)) + (&'u’ )Py (R) (k) :( 2)
the nucleus, Z. _ Pl (k) Py (k) Bl (k) + C (5, &, £) [P} () Pt (ky) Pl (a) —

— P} (k) B} (k)P (k)

where

PP is the wave function of a meson in the O octet;
o

ﬁB is the adjoint function;
o

o and B are unitary indices;
1 is photon polarization;
2
t = (k- k)"
The functions A, B, and C are associated by the crossing symmetry re-

lationships:
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A(s, u, t)=B(s, ¢, u); C(s, u, t)=C(s, ¢, u);
A(s, u, t)y=C(¢, u, s); B(s, u, t)y=B{(t, u, s)
A(s, u, t)=A(u, s, t); B(s, u, t)y=C(u, s, ¢t).

Since the kinematic factor €ikim 'i % klt kzm’ is present in the Eq. (&)
matrix element, the amplitudes of A, B, and C must tend to a constant when mo-
menta are low in order to ensure the correct threshold relationship for the
cross section of the photoproduction. The following equality occurs at the
point s =u =t = (1/3) % m?

A=B=C=}. (1)
If we assume that during the transition from the threshold to this point the
magnitudes of A, B, and C remain constant, or are constants that change slightly,
we will have the equality of Eq. (4') near the threshold as well, and this, to- /92
gether with Eq. (4), result in the obtaining of a relationship between the apexes
of the various processes when momenta ane low.

The cross section of the photoproduction in the CM-system (kl + k2 = 0),

averaged with respect to photon polarization, equals

s@Py=rP) _ | pl a(smmatmpy ., (5)
= . sin? 3oy
du Pird s
where
0CM is the angle between impulses k and kl in the CM-system.

The quadratic form 3(x, y, z) = x2 + y2 + z2 - 2xy ~ 2xz - 2yz is associated with
the momentumk, in this same system by Ik, | =@V ) VNS, my2, m?) . As will be
seen from Eq. (5), the Eq. (3) cross section tends to zero in the direction of
the momentum of the incident beam of mesons. Since this result is the consequence
of the retention of the projection of the total momentum at the 3P apex, the
vanishing of the Eq. (3) cross section
P(k) Plk) with forward scattering does not depend on

L4 the concrete form of the function f. This

property is retained in the L-system as well,
q Plky)
so the cross section of reaction (2) can be

Figure 3 Resonance photo- measured with adequate reliability because

production of a meson by a its maximum does not lie in a strictly for-

meson .
° ward direction.
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Integrating Eq. (3) with respect to the variable u (or with respect to

), we obtain

YeM
2. _ A2, ) a(s)
#s,  aZ2| F(ay) (A min’ = _°P1-+PP
2 (8% os n A¢ s —m’
22 FCanp | 75 pel (a1=akin) V(s mo mp) (6)
= 77T 3oem ’ A - 2.

Here the magnitude f(S) -+ PP is the averaged vertex function f;s’auép’ averaged

with respect to u(&CM), if its dependence on u(ﬁCM) is significant.

The Eq. (1) reaction can also result in resonance and the subsequent decay
/93

into two mesons (Figure 3). Now, when this resonance belongs to the octet of

vector mesons, 1 , the corresponding cross-section has the form

oo, BNFAN fp vt Tyappf (A°_—Azm,-m)><
(A% ds 3.25x. At
(7)

3/2
22 (s, me, mg)

s (s —mby+ T3}

where

r mV/TV, Tys Mgy are the width, lifetime, and mass of a vector meson,

respectively.
Eq. (7) can be used to find the constants for the radiation decay of vector
mesons into pseudoscalar mesons.

2.

Since we are interested in low transferred momenta A4,

Evaluation of the Contribution of Strong Interactions
the evaluation of

the contribution of strong interactions can be made within the framework of the

one-boson exchange model. The Eq. (2) process can yield the contribution of the
Of these, as the evaluations show,

exchange of pseudoscalar and vector mesons.

w-meson exchange (Figure 4). The exchange

the greatest is attributable to the
0, . .
is forbidden within the limits of precision

- X
by the octet of vector mesons, 1 ,
up to the violation of unitary symmetry as a consequence of conservation of

10. G' = RC, where R is the operation of reflection relative to the

coordinate origin on the weight diagram for the representation of the SU3 group:
We have G; = -1, and G& = +1, for the

C is the operation charge conjugation.

pseudoscalar and vector mesons.
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of G'-parity (for which see reference [4],
q for example). In concordance with this is the

fact that the contribution from the ¢-meson,

¥ computed in the model under consideration, proves
to be less than the contribution of the g~meson
ke by two orders of magnitude due to
Qg large mass of @ and the narrow decay width
¢ -+ 3m. The exchange of 11 and T)-mesons is even

more suppressed because the PNN apex in the

pseucoscalar coupling diagram is proportional /94

b4 ' z
Figure 4., Diagram of the

production of a meson as a
result of the exchange of an puting the contribution from a one- meson ex-

w-particle with the nucleus.

to the transferred momentum A, and this, in our

problem, is small in magnitude. Leroy [5], com-

change with the help of'a modified r-meson pro-
pagator in a nuclear substance, also came to the conclusion that the t-meson con-
tribution is small compared with the Coulomb contribution. The rest of the
hadrons either have large masses, or their exchange is forbidden by the quantum
numbers. This is why we have limited ourselves to the ¢-exchange in evaluating
the role of strong interactions. The corresponding contribution to the Eq. (2)
process cross section can be obtained quite readily from the Eq. (6) Coulomb

process by replacement of the propagator and apex functions

) 2 2
Poy g AIRAOE[ 70 ol (a1—at )
9 (A7) 0s 3.2 (A4 m2)?
312
x A5 mt mh (8)
S’
where
IoNN = fiNN/Qn is the constant for the coupling of the w-meson with the
nucleon;
m is the mass of the ymeson.
w
The ratio of the Eq. (6) and Eq. (8) cross sections, for fixed s, equals
2 4
do Z \? alf3PT| E A? 2
e = (—‘) '—‘—‘2_ b] <<P' (9)
ds,, A gunNN 1 3P0 A
and is determined by the transferred momentum A. ‘This relationship has the

following, similar, form in the case of resonance in an intermediate state
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e ;ez;,,g

do, l (2)2 o | fverf ("’...)' (
—_— == — —_— e -_— - lo
doN S = m";, A gmNNI fVPu) lz a )

3. Study of the Domain of Kinematic Variables Inside Which the Coulomb
Mechanism is Dominant, and its Dependence on the Energy of the Incident

Particles

If there is to be a reliable determination of the cross section of photo-

production a2
. - | f3p-( l’ _(s . m2))\/ (s, my3, my?)
P1—PP ™ " 3.98% 52 (11)

the contribution of the strong interactions in the Eq. (2) reaction cross section
must be small compared with the contribution from the electromagnetic inter-
actions. This can be achieved in the domain of small A, small such that the
relations of the Eq. (9) cross sections be of the order of ten. Now the effect

of the strong interactions can be ignored. Moreover, what must be pointed out

in particular is that the Coulomb cross section 4o of Egs. (6) and (7) has a /95
2 2, 2 i -
maximum when AO’% zAiin = (s - m2) /ZEL. From whence the value of the variable

s corresponding to ‘this maximum is equal to

s = V2 ALL + m? (12)

Let us now explain the nature of the region of
angles in the L-system in which the Coulomb
mechanism prevails over the nuclear (corresponds
to adequately small AO)’ and how the dimensions
71 of this region depend on the initial energy, EL,

of the incident particles.

11
Let us introduce the angle 0L at which

Figure 5. Determination of the Eq. (3) cross section has a maximum and the

the angles of escape of th? maximum angle ¢ of escape of secondary par-
Eq. (2) reaction products in L
the L~system. ticles. Both angles are in the L-system (Fig-

The angle ¥ corresponds to ure 5). The Egs. (3) and (5) cross sections

a maximum for the Eq. (2) in the CM-system have maxima in terms of the

reaction cross section; o, 18 variable u(&CM) when 0CM = /2, and are sym-
the maximum angle of escape of . . .

. metrical with respect to the exit angles of
the particles.

101



both particles in the final statelzregardless of whether they are of the same
type, or different. No such symmetry exists in the L-system, and different
angles correspond to different types. The angles in the L and CM systems can

be associated by using well known formulas

v l/ 1— V’Slﬂ&CM'

8 = =
tan®y, veos §opmt V ’
. -

where

v and p are the velocity and momentumof a particle in the CM-system;

v is the velocity at which the CM~system moves with respect to the L-system

for fixed s(s <« Ei).

The following expressions are obtained for the angles characterizing the region
of kinematic variables considered for the general case of various particles in
the final state

V—s )\1!2 (s. m2, my?)
EL (s. + my? — my?)

— 12
tan 311_’ = Vs A (s, mit mgz)—; tam‘}'i=

Q (s + m* — my3)

; (13)
(14)

A2 (s, my?, mg?)

2m,EL

M2 (s, my3, mgd)

sin ¢} =

; sin ‘P.i =

But we have ignored the angle | at which the CM-system of secondary particles is

moving because

)/A’—Afni (15)
£,

b=

because at energies of the order of several billion electron volts, and higher,

and at small p, this angle will not be larger than a few minutes.

Egs. (13) and (14) convert to the following in the case of the production

of identical particles (ml =m, = m)

11. The angle JL corresponds to the maximum for the Eq. (3) cross section

in the energy range E. < 30 GeV, where the p-wave is dominant. At higher ener-

L
gies the contribution of succeeding waves must be taken into consideration, and

as a result the cross section maximum can shift.

12, Strictly speaking, this is valid only for the p-wave.
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V s—4m?

8 = .
tanTy EL (16)

Let us consider concrete reactions in order to obtain numerical values

for the angles 0L and Py

a. Production of r-mesons in the field of the nucleus. The Eq. (2)

reaction will take the form

#t + Z >t a0+ Z. (18)
two photoproduction processes are associated with it: the potential
wt 4 1 >t 4 =0 (19)
and the resonance
nE 47 - pt e wE 2l (20)

What follows from isotopic invariance is that the Eq. (18 to 20) reaction
cross sections are identical for positive and negative m-mesons, that the par-
ticles in the final state have isospin T = 1, and odd orbital moments. The

magnitude f associated with the Eq. (19) reaction is unknown because this is

3y

the magnitude under study during the experimental investigation of this Eq. (19)
reaction. Dimensionality considerations will yield f3 ~ JE@TB. The relation-

ship between the magnitudes f and f we need can be evaluated on the basis
w

3y 3

of the following considerations. Since only the isoscalar photons take part in /97
the Eq. (19) and Eq. (20) reactions, the quantum numbers of the w-meson and

photons coincide. Therefore, apexes in which the grmeson f and y-quanta

31w

fBTTY participate have identical spin and isotopic structures (what this means

in terms of perturbation theory is that all the virtual loops of these apexes

are the same). The following equality should result

féthr fbum

f:tn f‘ltpll (21)

Substituting the value of the magnitudes

= 1,2 2.8
fag =V O f ==
we obtain the following relationshiﬁ
1 fi
___32"7 =1 =~ 0.2%a. (22)
S3ne 'fxpn

103



If the decay constant w - 3n(fw.* 3 & (1.6/;1,)3 [8] is substituted for f}nw in

Eq. (21), we find £~ T (1.3/p)3. Taking Eq. (22) into consideration, and
using Eqs. (9) and (10), (guNN.Q,B), we obtain the fact that when A = 0.18,,
the Coulomb cross section dJc is equal in order of magnitude to the nuclear
cross gection doN, but that when A = 0.10y the Coulomb cross section exceeds
the nuclear by one order of magnitude. Assuming that Ao = 0.10y in Eq. (12),
and finding the corresponding s for fixed energy EL for the incident particles,
we now find that in the case of the Eq. (18) reaction, the region of kinetic
variables in which the Coulomb cross section is greater than the nuclear by one
order of magnitude can be characterized by the angles 0L‘* 1 - 3°, O ~ ho,

Figure 6 shows the concrete dependence of these angles on energy E Also

shown are é‘values corresponding to the dcc maximum in terms of thz transferred
momentum at the specified energy. 7Y-quanta developing during the decay of
neutral m-mesons incident at angles o, 28 2 0L when EL = 10 GeV, will have
minimal angles of divergence XL in the interval 16° 2 XL 2 Lk,5°, and 14.5° >

Xy, 2 1.15° when EL = 40 GeV. The upper limit of XLtends to 11.4°, the lower to
zero, with increase in the original energy. As will be seen from Figure 6, when
the energies are less than some (EL)min’ the Coulomb cross section cannot exceed
the nuclear by a factor of more than 10, and when (EL)min < EL < 10 GeV, there
is a sharp dependence of both angles on the energy. When EL 2 10 GeV, the /98
maximum exit angle for the m-mesons, Pr, is practically constant, with the angle
0L decreasing slowly with increase in energy as \jAo/EL . When EL = 60 GeV,

V. a 1°¢ The magnitude of these angles is large enough to permit the cross

L

section ¢ iY - * o to be studied experimentally over a broad range of energies.
T T

b. Reactions with the participation of K-mesons. Let us consider the

following reactions
THKE= K5 4w (23)
1+ K= 7t + K0, K (24)
T+?=i—>Ki-i77(°, Ko, (25)

The following relationships flow from Eqs. (4) and (4') for the apexes of

these reactions near the threshold
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Figure 6. Energy dependence exit
angles for secondary particles for
the reaction > + Xe = ¥ + 710 + Xe.
The values selected for the kine-~
matic variables A and s should pro-
vide for the dominance of the Coulomb
mechanism of the reaction (M is the
mass of the charged t-meson).

M (Po® — PP) = i (2x)* 8" (k + g — ki — By) &2iptm X

== fr (26)
2

where

f is a function from Eq. (4'). The
relationships for the processes with anti-
particles are obtained from Eq. (26) by

changing the signs in all four equalities.

Relationships similar to those of Eq. /99
(26) are needed for the reactions in which
the yrmeson takes part in order to use Eq.
(9), which establishes the necessary
momentum transfer A. Only the type F coupl-
ing contributes to a matrix element for
these processes that is invariant with

respect to the SU_ group (because of C-

3

invariance)

(27)

X ©,2(q) ky (k1) (B2)m SP {P (k) [P (k) P(ks) — P (ks) P(Ry)]),

where

1 . A
ug(q) is the y-meson wave function 3. The following system of equalities

can now be found

f
f

("K+ KN at

= g,

. _£&
KT KTw Y3

fw‘l‘t+—+K+ RO =& (28)

fovs v~V 2 (29)

[0 4

Now, by combining Egqs. (26), (28, and (29) with Eq. (22), we readily find

the ratios of the corresponding apex functions of the reactions under consider-

ation contained in Eq. (9). Further, carrying out a procedure similar to that

outlined in section "a', we obtain the characteristic exit angles for the

secondary m- and K-mesons in terms of the energy of the original K-mesons

13. Accounting

because, as has already been pointed out, the exchange

for the ¢ - w-mixing is insignificant in this case

of the vector meson is

forbidden by conservation of G'-parity.
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[Figures 7 to 9, respectively, for the Egs. (23 to 25) reactions; also indicated
here are the transferred momenta A in the vicinity of which the cross sections

of these reactions must be measured].

Then too, the Egs. (23 and 24) reactions can go through an intermediate
2
charged resonance K*(892) when the variable s o 431, corresponding to energy

E, .~ 30 GeV

L T4+ Kt - K*% - K% 420

(30)
T_,_K:_,Kti_,KO(/Eo)_*_Ri_ (31)

What follows from the isotopic invariance is that the cross section of the Eq.

(31) process is larger than the Eq. (30) reaction cross section by a factor of 2.
Known experimentally is the coupling constant K* with a neutral vector meson

[fK*+ x* VO' = 2.6 y [12], 1.96 |, [13]. If this meson is identified as ¢, the
average of the.two sets of data cited are in good concordance with the SUB—pre- 4101

diction f A~ 2.3/~ Further, using the fact that f

K*+ K+ o prn K* -+ Ky
o + ny’ from SUB-symmetry we obtain the following values for the exit angles for
the 11 and K-mesons for the Egs. (30 and 31) reactions in a manner similar to

that explained above: 8}5 =1.5% q)i =3,8% 8K =09% of =L Also possible,
in addition to the processes considered, are reactions in which, in addition to
the - and K-mesons, there is participation by T-mesons contained in this same

O octet. The distribution in terms of the exit angles for the 7T-mesons will be

approximately that for the K-mesons.

As will be seen from the graphics included here, the most convenient for
the experimental study (angles large enough, yet energies not too high) are the
Egs. (19), (20), and (23) reactions. The Eq. (25) reaction is the most unfavor-
14

able of the other reactions from this point of view.

14, 1In order that interference between strong and electromagnetic inter-
actions not be taken into consideration, the_ratio of the Egs. (9) and (10) cross
sections must be taken as of the order of 10 . Now the values of the angles in
Figures 6 to 8 must be reduced (when E. > 10 GeV)} by a factor of 1.3 for

ﬁL and by a factor of 1.8 for Pps respectively.
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Figure 7. The K* +Xe—=K* a0+ Xe reaction.
(See Figure 6).
[Ury) is the neutral y-meson mass.
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(See Figure 6).
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Figure 9. The =% +Xe—+K* + K°(K%)+Xe reaction.
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4. The Range of Kinematic Variables in Terms of Inaccuracy in
Finding the Ratio of the Apex Functions

Eq. (9) tells us that the magnitude of the momentum A, transmitted to the
nucleus for a specified cross sectional ratio depends on the parameter
ﬁ==lj%P7P/ngleéRwP’ which we know only in terms of the order of magnitude:
A ~f51/4. Moreover, since the magnitudes f3PY and fBP are functions of s, the
B values in point of fact can change for various s, sou;easurement results will
be reliable only for values of s, and hence EL’ such that the exit angles for

the partiecles are fairly weakly dependent on B.

It is the quantity B which determines (EL)min’ acecording to Eq. (12). As we see

from Figure 6, for example [the Eq. (19) reaction], when E_ < 10 GeV, angles PL

L
and ﬂL will change very sharply with small variation in the magnitude of (EL)min°
At the same time, the dependence on (EL)min and, as a result, on g, is slight
for energies in excess of 10 GeV: 9L ~,31/4, 0Lrv 51/8. Therefore, in order to
obtain reliable experimental data on the cross sectiop of the Eq. (19) photo-
process, it is advantageous to use mr-meson beams with energies of the order of

10 GeV and higher. At lower energies the results are heavily dependent on the

magnitude of B, so are unreliable. The same is true of the other reactions con- /102

sidered in the foregoing.

Measurements of the Eq. (19) cross section at EL = 2.8 GeV had been made
earlier in [14]. But secondary f-mesons with exit angles 3° < ¢4 < 30° and
4 uz < g <21 uz, A < 0.5 |, had been selected, that is in the range of kinematic
variables in which strong interactions can make a significant contribution. This
is why making new measurements of the Eq. (19) photoproduction cross section in
the field of the nucleus is extremely desirable. Let us note as well the exis-
tence of the possibility of refining the values of g for various s. This is so
because the contributions from the electromagnetic and strong interactions in
the Eq. (2) reaction cross section depend on Az in different ways

0%,

4 ~ A2 —A?
A a(A%)0s A min
at the same time that » R )
4 °N N,;Y(A”‘Amgl_
0(A%)ds mt

. (0]
An experimental determination of the boundary of the region of A values within
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which the magnitude A4 [Baa/a(Az)as] remains a linear function of Az is neces-

sary for this refinement. Then, using Eq. (9), when acc/acN = 1, we can compute

the value of B corresponding to assigned s.
Thus, the analysis made of the possibility of using the information on the

photoproduction of mesons by mesons that incorporates data on the production of

mesons in a Coulomb field of a nucleus shows that this possibility is a very real

one if the model of the strong interactions we have used is correct to within

one order of magnitude.
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DETERMINATION OF THE LENGTH OF nn-SCATTERING IN EXPERIMENTS
IN CAPTURING [;--MESONS WITH DEUTERONS

Yu. P, Nikitin
ABSTRACT. The influence of the interaction of neutrons in

the final state on the nature of the nuclear reaction is
investigated.

Oné of the consequences of the hypothesis with respect to the charge inde- 1}04

pendence of strong interactions at low energies is equality of the lengths of

the nucleon-nucleon (nn-) scattering in a state with isotopic spin T = 1 and
spin S =0

1 —1 —1
aPP - anp - anm

where

1 R . . .
a is that part of the length of the pp-scattering that is associated

pp
solely with a strong interaction.

The following values have been found experimentally [1]

', =(—17 £ 3)f; 'a,,=—23.7f.

Determination of the length of the nn-scattering is of great interest because of
the substantial difference in the values of laéb and lanp. There has been no
success in making direct observation of nn-scattering. However, it is possible
to use nuclear reactions in which several neutrons are formed for this purpose
and to investigate the influence of the interaction of neutrons in the final state
on the nature of the nuclear reaction. Processes of the following type are the
most attractive in this regard

=~ +d—>2n+7; (1)

p=+d—->2n4v,
(2)

when, in the final state, there are no strongly interacting particles other than
the two neutrons. However, strong interactions in the intermediate states of the
Eq. (1) reaction introduce considerable indeterminacy in the theoretical com-
putations, and it is difficult to interpret the experimental data. This is why
it is of interest to check the Valuela.nn = (- 16.4 = 1.9)f, obtained in experi-
ments on mmeson capture [1], in research on weak capture of u_—mesons by
deuterons, which latter permits making a more reliable theorétical
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interpretation. Actually, in the Eq. (2) reaction the capture of a p-meson by a
deuteron proton can be attributed to a weak interaction, and this permits the

computation of this process in the first order of the perturbation theory.

Reference [2]1 suggested finding an by ascertaining the distribution in the 4105

Eq. (2) reaction in terms of the angle of divergence of the two neutrons (for
specified neutron energy) in the domain of small angles, or the neutron energy
spectrum for fixed angle of divergence. Experiments to determine the shape of

the energy spectrum for the neutrons in the Eq. (2) reaction for energies €, ~

1 - 2 MeV would be simpler, obviously. The energy spectrum for the neutrons is
sensitive to the magnitude of an in this energy domain, as is pointed out in

this paper. We should point out that a detailed study of the Eq. (2) process

is even now within the realm of experimental feasibility and can become available

in the near future.

We already know [3] that the capture of p-mesons in liquid deuterium takes
place on the basis of the state of the hyperfine structure of the mesic atom with
F = 1/2, because the transitions of mesic atoms from the F = 3/2 to the F = 1/2
state are intensive, thanks to the atomic collisions. This is why we have con-
sidered capture from the F = 1/2 state only. The neutron spectrum was computed
on the basis of standard Hamiltonian for p-capture [4]. The matrix element for

the Eq. (2) reaction is in the form

G -
My =237f dpxt x3 Xtv(l —ev) X

X [ Wé}"(P" -;— , n12) (GV + Gao,0+Gp oy +
+gv%+g,q 1‘1—”) ~¢§:"(p+ % fl:z) (Gv +Gaoo +

+ Googv—gv 22 —ga 22)] 44 (b, o1, 32) by (O) s Ko ©)

where

G is the weak interaction constant;
Xsare the spin functions for the fermions in the Eq. (2) reaction;
X dis the deuteron spin functionj
y (0) is the wave function for the p-meson in the atom of deuterium, taking

W
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it that r = O because of the smallness of the radius of the deuteron as

compared with the dimensions of the mesic

v is the
v/v =9 ;

n12 is the
m is the

The deuteron

neutrino momentum;

relative momentum of the neutrons;

nucleon masse.

deuterium;

wave function in coordinate representation was selected in the

form [5]
"Pd (l', %1 32) -
N U(r) P W(r) 3 (arr) (g.1)
= — <+ — . X —0,8 ;
(V4u ){ r 2V 2 r ( r ' 2)} (&)
4
Ui = NCe™ ™ /106
3=1
4 —
W(r)= 3—22 Cpo? ‘/2‘1: X Ksp{a,r),
a
=1
where
Kv(x) is the McDonald function, the parameters N2 - 341 @, € ==C, =1,
C3 = C2 = 3.84, @y = 0.432 ., oy = 3.69 p, o3 = 4.81 b oy = 6.05 4,
p = 0.0265;
g = the y-meson mass.
In the momentum representation
ba(py O 92) = —’N_: {1 - __p_:_p’;
=V 2 2V2
4 (5)

3(ap) o2p G .
X ( P _c,cz)l E a3+ p?

(23}

The selection of the deuteron wave function in the Eqs. (4), (5) form with the

parameters indicated is attributable to the fact that this wave function provides

the correct values for the coupling energy and the deuteron gquadrupole moment. It

is also a good description of the experiments in connection with the photodis-

integration of the deuteron when the energies of the y-quanta are

The 2n-system wave function was selected in the form

%?“’mQZSMﬁ+;4:@‘WV—e-”L
19

EY < 150 MeV [5].

(6)
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i8 )
f = e1 0 sin 803

80 is the phase of the nn-scattering in the s-state;

and the parameter ) is associated with the length of the s-scattering of ann

with the effective radius, r by the relationship

O,
3 / 16r ) .
= —— 1’_ —_ ’
A 2ry (1 T V 9ann / (7)

nn-scattering is ignored in states with moments t = 1. The conjugate wave
function of the 2n system jnthe momentum representation is in the following form

when the s-scattering is taken into consideration

2

P77 (P, Mig) = (27)R3 (p — ny) + ——f’ - X
12
1 L 1 .
x( p—np—i PN ) ®)

The Eq. (3) matrix element was used to make the numerical computation for
the energy spectrum for the neutrons in the Eq. (2) reaction for five sets of

parameter values, as listed in the table (see figure). /107

dw -
dn : o )

I/

25 50 75 n,MeV/s

Spectrum of Neutron Bursts
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- Set

Parameter ! 2 3 ‘ 5
1
2an k—) —16 |—12,8 |—12.8 [ —8 |—12.8
p ‘
l D
ro (——) Laa| L4a| 144) 1,44| 3
B® :
Gp 1G4 8 8 16 8 8

The neutron spectrum, dw/dn, normalized +to unity for a 22 MeV/c neutron mo-
mentum is shown in the figure. Let us note that the interference of the S- and
D-waves of the deuteron wave function make less than a 1% contribution to the

The sensitivity of the shape of the spectrum to the parameters for
can be

spectrum.
the interaction in the final state, a . and Xy and the pseudoscalar GP’
characterized by the relationships

Awn 035 B 0,15 A% ~0,06 22

ro Gp

Wy ann
is the magnitude of the spectrum presented at the maximum.

with 10% accuracy requires establishment of the spectrum with 3%
in the radius of the interaction will result in a

Here w
m

ment of a
nn
A 10% indeterminacy

accuracy.
in the magnitude of a .
nn

5% indeterminacy
on the magnitude of the effective pseudoscalar, GP.
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Thus, measure-

Spectrum shape is only mildly dependent
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+
THE ABSORPTION OF g1 -MESONS BY COMPLEX NUCLEI

A, I. Fesenko

ABSTRACT. The theoretical and experimental work already
done in connection with the mechanism involved in the
capture of ni-mesons by nuclei is reviewed. It is con-
cluded that pertinent questions have not been answered
and that further investigation is required.

Nuclear reactions have been broken down into two classes: /109

(1) reactions in which the energy and the momentum transferred to
the nucleus by the particle are distributed among the many degrees of freedom

of the nucleus;

(2) direct reactions, in which the energy and the momentum of the

incident particle are transferred by a small group of nucleons of the nucleus.

The compound nucleus forms and decays in the case of low and medium energies
in the first of these reactions. At high energies a great many particles that
have no correlation with the direction in which an incident particle is moving
(in a CM-system) escape. These reactions are accompanied by strong momentum
transfer to the residual nucleus. There are three groups of rather crude models

to describe this type of reaction: a simple statistical model; thermodynamic

models; and the cascade mechanism [1].

In direct nuclear reactions one, or several fast particles are formed, and
these carry almost all of the energy and momentum transferred to the nucleus by
the incident particle. Little momentum is transferred to the residual nucleus,

and the nucleus remains in its ground, or slightly excited, state.

Fast secondary particles are correlated with the direction in which the
incident particle is moving. Reactions of the (p, 2p), (p, dp), {(p, d), {(n, 4),
(d, p), (m*2p), {m, mp), etc., types are included in direct nuclear reactions.
Direct reactions comprise approximately 20 to 30% of all inelastic processes
(in the energy range near 10 MeV).

Butler advanced a theory [2] that explained the special features of the
(4, p), (4, n), (p, d), (n, d) reactions qualitatively (anisotropy
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in the angular distribution, excesses of high energy particles, and the like),

in order to describe these reactions of stripping and pickup.

Butler's theory cons ders the interaction of plane waves (of incident and out-

going particles) with the absorting sphere (the nucleus target). Plane waves

are a poor approxi-.ation, however. Today a great many of the experimental facts

can be explainer by the distorted waves method, which takes into consideration

the d and p interaction with the optical potential of the nucleus, the latter
selected so as to describe satisfactorily the elastic scattering of these par- 1110
ticles for the corresponding energies. There is no theoretical basis for this

method because the perturbation theory [3] is applied to the strong interaction

Hamiltonian.

Serber's hypothesis with respect to the quasielastic scattering of an in-
cident nucleon by a separately moving nucleon inside the nucleus has been used
to describe the (p, 2p) reaction [4]. The development of this hypothesis made
it possible to explain quite a good many of the experimental factors in the

(p, 2p), (p, @), (4, p), eté., type reactions from a unified point of view.

Chew and Low [5] were the first to use the diagram technique to review
quasielastic nuclear reactions. Figure 1 is a diagram of quasielastic scatter-
ing. Subsequent development of this apparatus by I. S. Shapiro {6] led to the
dispersion theory of nuclear reactions. The dispersion theory is concerned with
the amplitude reaction, and not with wave functions. This is particularly im-
portant in studying reactions in which complex particles, such as d, t, and

o-particles, as well as others, participate.

A p The complex magnitude M, which is associated
p with the differential cross section in the CM-
system by the following formula, can be designated
4 p by the amplitude of the reaction A + x + B + y
P
. ds mea ™8 P
Figure 1. Diagram of =—* ¥ Ty MR
igure 1 ag 0 o " | [

quasielastic scattering.

In this reaction the amplitude of M is a function of two variables; the square of
the transferred momentum g, and the summed kinetic energy, E, of the colliding

particles in the CM-system:
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q2=(px—Py)2;
E—E, 4 Ea.

The amplitude of the reaction is the sum of an infinite series of Feynman
diagrams. And the direct processes can be described by diagrams with a small
number of internal lines, that is, of virtual particles (polar, triangular, and

other diagrams).

§ d $ The dispersion theory of direct nuclear 1111

: 4 T reactions predicts the mechanism that should

% 2 2 1 be evident in each concrete reaction. This

E 0 B T §7§ means the dominating contribution of the
g % 5__<ﬁI-r corresponding Feynman diagram to the amplitude
g-; RN of the reaction can be determined. Only two
a g 4 ///’b_h‘\% diagrams, the polar and the triangular, have
g E i i \\\\\\ been used to describe three-particle reactions
g § 0' B _;jfﬂ%§;3&$ 3 of the (n", 2p) (1, nn) type.

5 T V. M. Kolybasov [7, 8] provides computa-

% /f\ tions made for processes in which a slow 7~ -

A \ meson is absorbed by light nuclei of the

_5 2 ,/ﬁﬂ'— >Sf\r\‘\ a-particle type (Clz, 016). The computations

E 7 T - $ are made for a polar diagram with a virtual

& 0 20 40 60 60 E,MeV

o-particle and no hypothesis of any type is
Figure 2. The energy dis- forthcoming concerning the structure of the
tribution of singly charged nuclei. The emission and energy spectra for
particles emitted when the
light nuclei of an emulsion
are split. obtained, as are the angular correlations of

protons, deuterons, and tritium nuclei are

The curves describe the energy these particles. The computed and experi-
spectra corresponding to the
phase volume (the dashed curve)
and to the He3 (the dash-dot the spectra of the nuclei of tritium and of
curve) and He’t (the solid curve)
polar particles.

mental spectra are shown in Figure 2, where

the deuterons, computed on the basis of the
diagrams (Figure 3), are in quite good con-
cordance with the data contained in [9]. The distribution of nucleon pairs in
terms of the energy of relative motion is sensitive to the i~ -meson capture
mechanism. Figure 4 shows the distributions of nn-pairs in terms of energy of

relative motion, computed for various mechanisms involved in the capture of
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no-mesons by c32 nuclei. Curves 1 and 2 were plotted in terms of the deuteron

polar diagram, with curves 3 and 4 plotted in terms of the g~particle. The

lack of experimental data makes it impossible to give preference to any par-

ticular polar diagram. These same distributions will be found in the paper by

R, I, Dzhibuti and T. I. Kopaleyshvili [10]. Their basis was a two-nucleon
absorption mechanism. A model of the two-nucleon absorption mechanism for 14112

m-mesons is used in other theoretical papers as well (see [1-17] in [111]).

c? X

B ITA Y

Figure 3. Polar diagrams corresponding to the g-particle
capture mechanism.

Te I. Kopaleyshvili [12] has made a theoretical investigation of the ab-
sorption of moving m-mesons by €12 and 016 nuclei in (n+, 2p), (7=, 2n),
(r+, np) reactions for m-meson energy values of 20 and 60 MeV. The basis for
the computation is the assumption of a two-nucleon mechanism for the absorption
of t-mesons, and that the principal contribution to the reaction cross section
is made by the emission of two nucleons from the P-shell. Evaluations of the
contribution from the S-shell show that this contribution is approximately 1/20t

that made by the P-shell, and that the

2 knock-epn of one nucleon from the S-,
and the other from the P-shell, is about
15%. Only the contribution from the P-
shell (Figure 5) was taken into consid-
/
'u§ //’ n/ eration in the distribution of the es-
= . . .
%1 gl U . , caping pairs of nucleons in the (m+, 2p),
:::>g (ﬂ+, np), processes in the 016 nucleus
‘ 3 obtained in terms of their relative en-
1 \ ergies (t = E_/E,, where E_ is the re-
e r t r
e’ =L~ ! lative ener and E, is the total re-
0 40 80  Epn, MeV 9Ys t
leased energy). Curves 1 and 3 are for /113
Figure 4. Distribution of pairs of the (n*, 2p) reaction, and curves 2 and L
neutr?ns in ?erms of energy of are for the (n*, pn) reaction. The
relative motion during the capture
of 7~ -mesons by Cl2 nuclei. paired correlation of the nucleons in the
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nucleus was taken into consideration in the 1, 2 distrib-

ution, but was not in the 3, 4 distributions.

Reference [13] considers the (n*, 2p) reaction within

the framework of the direct mechanism of the absorption of

the mr-meson by two nucleons. Nuclei states corresponding

to the configurations |[s'8>, | $3p°>, [s%p1®> (for the Cl2

nucleus) are considered in the analysis of energy spectra for

product nuclei. The highly excited state of the nucleus

with inner S-shell destroyed is in the |szp10 > configur-

06 08 t

ation. The Nlé(n+, 2p)Cl2 reaction in particular was re-
Figure 5. Distrib-
ution of nucleons
in terms of their in Figure 6 (the experimental data were taken from [14]).
relative energies.

viewed. The computed spectrum of the 012 nucleus is shown

As will be seen from this figure, the concordance between
the experimental and theoretical curves is encouraging. This tells us that low
m-meson energies (about 100 MeV) allow us to discover the excited state of

nuclei with one, and even two holes in the S-~shell., The reference cited shows
that the development of a model for the direct mechanism involved in the ab-~
sorption of f-mesons (as well as of nucleons and of compound particles) is the
best way to analyze experimental data and to obtain even more information con-
cerning the mechanism involved in direct nuclear reactions. However, the diffi-
culties involved in the identification of the mechanism involved in direct pro-
cesses are still great. There is a need for the theory to point out the criteria

for recognizing the mechanism from the experimental data.

A detailed review of the criteria needed to determine the polar mechanism

is provided in [15]. Let us list these criteria once again.
1. The Treyman-Yang [sic] criterion.

—_ 2 s 3s
2. Measurement of |M| in terms of the energy, E, of the colliding part-
icles in a CM-system of reaction with values of the other kinematic invariants

. . . : = 2
fixed. If the reaction mechanism is polar, M| should not depend on E.

3. Obtaining the differential cross section in terms of the momentum, g,

of the residual nucleus in the L-system.
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L., Measurement of the absolute value of the magnitude of the differential /114

cross section, and its comparison with the theoretical prediction.

5. Measurement of the A + x # B + vy + 2z reaction cross section as a

function

(y' is a virtual particle).

of the independent kinematic invariants of the y' + x + v + 2z reactions

6. Check of the feasibility of isotopic relationships between the different

channels at the vertices.

7. Measurement of the polarization of the residual nuclei.

T -mesons,

Despite the fact that a great many experiments have been made

(see [20-37] in [12]) in which the interaction between slow f~-mesons and nuclei

has been studied, the m~meson absorption mechanism is still not very well under-

stood.

the most part.

The targets used in the experiments were light nuclei with A « 40, for

The experiments conducted by A. O. Vaysenberg, et al., [9]

utilized the photoemulsion method and revealed that the absorption of slow -

d’s/dE, dE, dQ

’ s \!
\ \
i | vf h ‘ \ A’, \
0 0 2 30 40 E,MeV
Figure 6. The curve of C12 excita-

tion in the N14(n+, 2p)C12 reaction
as a function of E*, the nuclei-
residues excitation energy.

The solid curve is the theoretical
spectrum, obtained from a model of
shells with intermediate coupling.
The dashed maxima, 1, 2, and 3,
correspond to the configurations
of the nuclei-~residues_

Fsiph >, 18%" >, 157 >
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mesons by Clz and 016 nuclei is accom~
panied by the escape of fast protons, deu-
terons, and tritium nuclei. The escape of
the deuterons and of the tritium nuclei
with energies greater than 10 MeV is
approximately 40% and 15%, respectively.
The energy spectra of protons, deuterons,
and tritium nuclei (see Figure 2) obtained
led the authors to conclude that the main
contribution to the amplitude of the re-
action of absorption of 1 -mesons by
nuclei is made by the polar diagram with a

virtual g-particle.

P. I, Fedotov [16] also investigated
the absorption of slow m ~-mesons by carbon
nuclei., Based on the energy spectrum of
fast secondary particles, as well as on

the mean excitation energy available for

_/_115



- T - + T = .
the residual nuclei, Uexp (52 £ 7) MeV (Ucomp 48 MeV) The author concluded

that m~-mesons can be captured by a pair of nucleons in the nucleus, and that

the ratio, R, of the probability of the absorption of m-mesons by pairs of
nucleons, n - p(Wnp) and p - p(pr), is 4 * 1.3. Reference [11] measured the
angular distributions of nucleon pairs emitted during the absorption of 1 -mesons
by nuclei, as well as the energy spectra of fast protons.

Figure 7 shows the energy spectrum

o

of protons formed during the absorption
- 2 .
of 1T -mesons by c!? nuclei (the hatched

part shows the statistical errors). A

N

similar spectrum was obtained for the

1
0 6 nuclei, A comparison between

AN/AE, relative units

N

spectra and computations made on the

assumption of a two-nucleon 17 -meson

capture mechanism favors this mechanism.

/)
Figure 7. The energy spectrum of A particularly careful study was made
protons formed in the of the angular correlation of the two
cl2( - 10 ion.

(n"-, 2p)B reaction nucleons formed during rr~-meson capture

by np- and pp~pairs (Figure 8).

The authors feel that the angular distribution of the nucleons points to the
The ratio R = W__ /W, which is quite
np. pp

The

predominance of the two-nucleon mechanism.
sensitive to the two-nucleon correlation inside the nucleus, was measured.

mean value for P-shell nuclei was R = 3.3 %+ 0.9. Computation of pp- and np-pairs

inside the nuclei, with the Pauli principle taken into consideration, yielded

R = 3, which is in concordance with the data in the paper.

+ . . . .
T -mesons. The absorption of it-mesons by nuclei can also be studied in

The energy of nt-mesons
The

order to establish the m-meson absorption mechanism.
in a beam differs in different references, but is between 70 and 200 MeV.
photoemulsion method was used in [17, 18] to investigate the absorption of

W+-mesons with an energy of 70 MeV. The yield of fast protons (about 90%)

and of deuterons (approximately 10%) in reactions of the (n*, 2p) type was
established. The nature of the angular and momentum spectra indicates the
absence of any significant percentage of captures of 1 -mesons by pairs of

nucleons in the low-energy states.
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Figure 8. Angular distribution of

the nucleon-nucleon pairs formed in

the O16 reaction.

All data normalized to unity at 180°.
The dashed curve was computed in terms
of the g-particle for the model, while
the dash-dot curve was computed for
the two-nucleon mechanism. The theor-
etical curves were taken from V. M.
Kolybasov [81.

14

the N™ " (rt, 2p)3y reaction.

g-particle in the Clz(n+, 2p)d2y reaction, with the result that the g-particle

splits into d and 2p.

Reference [19] studied the N14

(m*, 2p)3¢ reaction for m*-meson energy
of 20 MeV. The authors concluded that
the absorption of mt-mesons in a re-
action of this type is attributable
primarily to quasideuteron pairs of
nucleons from the P-shell of the N14

nucleus.

V. F, Kosmach, et al., [20], in-

. 12 .
vestigated the C (g%, 2p)d2y reaction,
the cross section of which is about 10%

of the total cross section of the absorb-~

tion of mrt-mesons by C12 nuclei. Analy-
sis of energy and angular distributions
of y-particles and deuterons shows that
the reaction is attributable to a more

complex mechanism than that involved in

The authors assume the capture of the n-meson by an

/117

The Charpak team [14, 21, 22] did some interesting ex-

periments in CERN, where the Treyman-Yang criterion for explaining the mechanism

of the direct reaction (n", 2p) was tested for the first time.

meson energy was 80 MeV.
a?7, s, c1, ca®®
energy were obtained for these nuclei.
gen,
(Figure 9).

Li6(n+, 2p)Helt

experimental spectrum of summed proton energy,

excitation energy. As will be seen,

b . ‘ A
Region I is that for the ground state of He , while II and III are for He

excited state.
for each region (Figure 11).

forms in the ground state.
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The nuclei of D, He™,

, Fe, Pb were selected as targets.

and oxygen were compared with the computations made by T.
There is qualitative concordance between experiment and theory.

reaction was analyzed in more detail [23].

The initial mt-

12 16 F19,

4 6 % B, c*?, N, 0

Li~, Be’,

Spectra of the summed proton

The experimental data for carbon, nitro-

I. Kopaleyshvili
The
Figure 10 shows the

converted to the He4 nucleus

the spectrum has three separate regions.

in the

The distribution in terms of the Treyman-Yang angle was plotted

L

The Treyman~Yang criterion is satisfied if He

The angular and momentum distributions of the He



T

S,

recoil nucleus in Range I is well explained by the mechanism involved in the
absorption of a wf-meson by a peripheral deuteron, that is, the polar nature of
the process prevails, Range II corresponds to the state of He4 excited by energy
between 10 < Eex < 40 MeV, The analysis made of the data in this region assumed

that the m-meson is absorbed by an g-particle in the Li6 nucleus. This energy

1118
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c?(n*2p) 8%

Iﬁﬁ%@fj@@mﬁm%

N
T

{ ¥ 20) C%

HH- }%} {i I%};
B

(23

-
U T iy At > e s . — > T— A _— S —— e - S — v — e

Cross section, pbarn/MeV
< N>

ot 2p) N

%0 4w 6
Excitation energy)MeV

Figure 9. Spectrum of nucleus-residue excitation energy
in the (g*, 2p) reactions in C}2, N1% _ 4 516

The spectra were obtained from the spectra of
the summed proton energy and photon kinematics.
The solid curves were computed in [12].
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Figure 10. He4 excitation energy in the

.6
Li (m*, 2p)He4 reaction.
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region also indicates

the peripheral model for the descrip-
tion of the Li6(n+, 2p)He4 reaction.
Moreover, direct nuclear reactions
provide information on the location
and magnitude of the energy levels of
the nucleus, on the reduced widths of
deuterons, of tritium nuclei, of -
particles, and the like. However, it
is difficult to make a quantitative
study of nucleon association levels.
It is necessary to select those re-

actions in which these levels would

be excited with the same selectivity as single particle levels [in the (d, p)

reaction], for example.

This brief survey of the theoretical and experimental work already done

makes it apparent that the question concerned with the mechanism involved in

the capture of ni—mesons by nuclei has not been answered, and requires further

investigation.
N ,
1 Ir o
2001 -
150 -
00 %
50 -
K} 1 1 1 1 ] ] [l ] 1 ] 1
8 60 120 180 @ 60 120 180 0 60 1209, deg.
Figure 11. Distribution in terms of the Treyman-Yang
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. .6 A
angle in the Li (7", 2p)He reaction.
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MEASUREMENT OF ELECTRON AND Y-QUANTA ENERGIES
IN HEAVY-LIQUID BUBBLE CHAMBERS

A. T. Bederkin, V. S. Demidov, A. I. Ponosov,
V. P. Protasov, F. M, Sergeyev

ABSTRACT. The various methods used to measure electron and

y-qQuanta energies in heavy-liquid bubble chambers are analyzed.

The experimental results obtained from these measurements are

tabulated.

Reactions in which no—mesons and y-quanta participate are of great interest 1}21

in the §tudy of strong and electromagnetic interactions. This has produced a
need to useiinstruments that can record these reactions during experiments with
quite high efficiency. One such instrument is the heavy-liquid bubble chamber.
But when recording efficiency is good it is difficult to obtain highly accurate
measurements of the energies of y-quanta and electrons. This contradiction can
be eliminated by selecting the instrument dimensions aﬁd the density of the
working liquid for each concrete problem. Thus, we can obtain the necessary
optimum for "photon" characteristics for the chamber, giving preference to
detection, of course. Figure 1 is a photograph of the electron tracks made in

a 105 cm freon chamber in the MIFI [Moscow Engineering Physics Institute].

A further problem is that of us-

T " icessing and applying sufficiently pre-

| R G Al i “'~37“§ ing a qualitative technique for pro-
e
Z
3
i

St e { cise measurement methods. Important

s
[kd
i
p
3

'
Py
4
g

ot

results have been obtained along

o Lovs W ARG

these lines in recent years, and

o

. because the prbcesses in which
Figure 1. Photograph of electron and

positron tracks in a bubble chamber.
Magnetic field 16,000 oersteds. are attracting the attention of an

y—quanta and no-mesons take part

ever-widening circle of experimenters, it has become necessary to bring to-
gether the most significant of these results. It should be pointed out that
Morellet recently compiled quite a detailed survey [1], and that we do not yet /122

have similar surveys in our literature.

128



1. The Interaction of y-quanta and Electrons with Matter

An electron loses its energy as a result of the interaction with the atoms

of the medium as it passes through a substance. An electron can undetgo in-

elastic collision with an atom, resulting in its excitation, or ionization, or

to deflection into the field of the nucleus. Soft quanta emissions occur with

each deflection, and it is rare to have the emission of a single gquantum with
energy comparable to electron energy.

a. lIonization deceleration. Ionization losses of electrons in a medium

can be computed through the Bethe-Block formula

N )
_1 dE __ 2mn.et {l 2m v Wmax_gpa_gL —8}, (1)
p dx m, v* I3 (1 —B3) z
where
I is the mean ionization potential of the atom;
W = 23
max Te/ !
v, T are the velocity and the kinetic energy of the bombarding electron;

m , e are electron mass and charge, respectively;

n is the number of electrons in 1 gram of the substance;

8 is the density effect of the medium,

The magnitude of ¢c/Z takes the shell structure of the atom into consideration.

When there is a nuclei mixture

1 dE ( 1 dE)p
—_—— —— = —_——_—— 1
(= dx)mix ; P odx /i " (1a)
where
py P are density and statistical weight of a component of the mixture,

respectively.
The ionization characteristics of the components of the most widely used chamber

mixtures are listed in Table 1.
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TABLE 1

Components z A ‘L ev ez |8
1 1 19.5 ' 0 —
6 12 78 0.001 1
F 9 19 117.2 0.0014 1.5
Cl 17 35.5 217.6 0.0037
Br 35 80 430 0.0104

b. Bremsstrahlung. The emission of energy quanta plays an important role /123

in the energy losses of electrons in a medium. Fluctuations in mean radiation
losses are slight if soft quanta are emitted as a result of collisions. The

spread is great in the case of the emission of a hard quantum.

Computations made on the basis of the Thomas-Fermi model yield the following
formula for the distribution of radiated frequencies [2]
k dk E Eg? + E3 2
d—"— =2<¢ _-—{2 Lét B 2
A - <E> E, EoE 3| X
X In (1832~ + -1 ()

(the case of total shielding). Here ® is the cross section of the radiation of
a quantum in the energy interval from k/(EO - u) to (k + dk) / (EO -l Eo, m

. 2
are total energy and mass of the electron, respectively; and < ¢ > = Zre/137.

The following formula represents the distributions of bremsstrahlung intensity

kg _ B 2 (g~20-+23),
Eo<9> Ey In {Eof(Eo — 4)} (3)

. , , . . . 2
and describes those distributions quite well for energies E = SOmec [2].

It is probable that an electron moving a distance d{ in a substance con-

taining N atoms per cm3 will lose energy k equal to

W) dbe 252> N de 4l
(%) E In { Eo/(Eo — &)} (4)
or, if new variables are introduced
Eq ~y.
= In —— ; E=E,—k=Eje;
Y= ’ ° (5)
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-y
w(y)dy = bdl —"’—"’l .

where

b=a<yp>N.

The probability that electron energy will be reduced by a factor of eY over

path di can be written in the form
' e ybdl—l
w(\y)dy = ———— dy.
W) dy T odh y

This probability is normalized to unity
§w(y)dy=1.

Eq. (6a) is valid as well for finite t; that is
o7 ’M—l
w(y, )dy = ——— dy,
where rh

I (bt) is the gamma function.

XO, the radiation length, can be found through the expression

b= (X,In2)!

or

Y. B 2in (183 Z2~").
Xg'=—0 4 ZEZ+Hr} n(183 27"

Here N, Z, and A are the number of atoms per cm3, charge, and atomic weight,
respectively. The magnitude of £ takes into consideration the shielding

effect of atomic electrons. For a nuclei mixture

1 _ Py
Xo_zl(xol),
where

Pi is the statistical weight of the mixture component.

XO and £ values are listed in Table 2.

(6)

(6a)

(7)

(8)

(9)

(9a)
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TABLE 2

Components z A p,g/me X, cm €
H 1 1 0,0628 | 915 1.39
C 6 12 1.85 27.3 1.32
F 9 19 1,11 29,5 1.30
Cl 17 35,5 1,56 12,3 1.26
Br 35 80 3.1 3.61 1.22
Xe 54 131 2.2 3.5 —
CaH, — — 0.41 112 —
C,F;sCl — - 1.2 24,2 —
CF3Br - — {15 | 108 —
C;FsCls - — 1,1 22.8 -

c. Photoelectric effect. The passage of Y-quanta into matter is

accompanied by a photoelectric effect, the Compton effect, pair production, and
selective absorption processes. In the latter case radiation at some one fre- 1125

quency can be absorbed and the discrete level of the atom can be excited.

The conservation of energy and momentum laws prohibit the photoelectric
effect by a free electron, that is, the bond between the electron and the atom
to which some of the photon momentum is imparted is extremely significant for
the photoelectric effect. The stronger this bond, the greater the probability

of the photoelectric effect. The cross section in the nonrelativistic case is

in the form 32V 2= 25 o [ Mg €2 )7/2
°= 3 i e ( k
arid in the extreme relativistic case is in the form
¢ = 4nr,? A mec?
- € 1374 k

The intensity of radiation of photoelectric energy is zero in the direction of

photon propagation.

d. The Compton effect. The process involved in the scattering of y-quanta

by electrons of the medium can occur with, and without, change in the frequency
of the incident radiation. The wavelength remains unchanged when the energy of
the quanta is less than the ionization potential. The sources of scattered
radiation are the bound electrons of the atom that resonate as a result of

the effect of the incident radiation and thus themselves
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become radiators of y-quanta at the same frequency as that of the incident
radiation. This type of scattering has been named Thomson scattering. The

cross section per electron dees not depend on the frequency
Oy % nr,2 = 0.66-10~% em®

The frequency of the incident radiation will change when y-quanta are scattered
by free electrons (the Compton effect). The cross section of this process can

be described by the Klein-Nishina-Tamm formula [2].
2
The arigular distribution is in the form (Q = kc/mec > 1)

@ Q9 . ir . 02Q«H;

e as,, Q0,7+ 1
d® 4 cos 9, if . 9
== N sin 0 1
re? dQG' Q1sint6,’ Q e > 1,

where

ee is angle of emisgsion of the electron.

The higher the energy, the greater the angular distribution. The probability of
the scattering of a vy-quantum as a function of the energy is given by the ex-

pression
W = 2 o(ln2Q+ ) Q> 1.

e. Pair formation. A photon will produce a e¥ e~ pair in the electro- 1926

magnetic field of the nucleus. For y-quanta with EY > 50 MeV, the pair production
cross section is in the form

23

a= r?
137 ¢

28 -y 2
= In (183.2-"%) 27}

(total shielding, extreme relativistic case). The attenuation in the beam of
photons attributable to the pair formation conforms to the ratio dn/n = _dx/co’

from whence

n = nge —xlco’

where
Z’ N rg' -1

(CO is the conversion length).

Comparing Eqs. (9) and (10), we obtain
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9
C,~— X,
0 g 70 (11)

The empirical energy dependence CO has the form [3]

Co=5.2{1 + 13E07%), (12)

where
[CO] = [cm]; [E ] = [MeV].
Y

f. Total absorption. The total effect of the absorption of y-quanta in a

substance is the sum of the processes reviewed, and can be expressed by the ex-

ponential law .
—u (hv) x
N(x)=N(0) e

Table 3 lists the values for (g/cmz) without taking the photaelectric effect

into consideration.

TABLE 3

Energy, MeV ) -

Components | | 0 | 100 ) 200 | 600 100 5. 100 104
H 3.1811.6 |1.23]1.,1 1.1 1.1 1,12 1,12
1,92 (1.311,33{1,66 1.66/ 1,68 1.73 1.73
F 2.08|1,7 11,8 11.,97}12.2 |22 2.36 2,37

Cl 2,56 (2.8 |3.2213.45|3.8 |3.9 4.0 4.0
Br 3,38 | 4.65 [ 5,43 (5,92 {6,45| 6.6 6,84 6.85

2. Methods Used To Measure Ee and ?y. 1127

y~quanta can be recorded in photo- or Compton-electrons, and in electron-

positron pairs. E.Y can be evaluated in terms of the apex angle for the pair,

4]:
5 L& 3 = o (E'|E,).
EY

Here (E'/E ) .o 1 is a function that is only slightly dependent on the distribution
? Y

of the energy Jf the quantum between the components of the pair. EY can also be

found by measuring the relative scattering of e* and e~ [5], as well as by mea-
suring the ionization density over the section where the components of the air

do not split [6]. These methods can be used when working with photoemulsions.
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If the energy of the electron ard of the positron of a conversion pair, E+ arid
E_, is measured, the energy of the Y-quantum will be found as EY = E+ + E__+

2m Czs
e

Finding the electron energy is a complex problem. First of all, the
chamber medium is needed as the measurement means, yet so far as the electron
is concerned, the medium makes it very difficult to solve the particle motion
problem. This is so because the errors attributable to scattering, ionization,
and radiation often are large compared with measurement errors. Losses of
energy to ionization of the medium, to radiation, and to Coulomb scattering,
result in the electron trajectory in the medium no longer being an ideal
helicoid when a magnetic field is present. These factors must be taken into
consideration, therefore, in order to increase the accuracy with which the

kinematic parameters of tracks are measured.

The energy of an electron can be found with respect to the mean free path
if rough approximations are desired. The mean free path of the electron gener-
ally is not fixed precisely, but one can obtain the mean free path, r, of the
electron, and its root-mean—qguare deviation, s, in terms of the original en-

ergy [7] through
r

s 1
— -——=1———)r“’-.
r—lgEot+ 1) = = (1—
Multiple scattering [8], because of the correlations between the individual
sections of the track, results in a track shape that is closest to a circle with
radius Rm. We can write the following approximation for a projection on a plane

in which the track lies

R = 1] < by >

E I \'h
- —_ s —) =21
"\em> phc (Xo)’ E; 21 MeV

Here < Gm > is the root-mean-square angle between the initial direction of the
track and a tangent to the end of the track with length { for an electron with
momentum p in a medium with radiation length Xo. Electron energy thus can be

evaluated in terms of multiple scattering.

If the bubble chamber is operating in a magnetic field .(B), it is convenient

to find the energy and the momentum in terms of curvature of the trajectory, R
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pe [Mev]=0.3BRlkg-cm],
/
s e BR\? _ }
ﬁ(in_mec{vm : é)+1 1

e

Precision methods for processing electron tracks, taking.the effect of the
medium into consideration, have been developed in recent years. The develop-

ment of the methodology is proceeding in three directions.

1. Methods in which heavy particle formulas are used. Radiation effects,
ionization, and scattering are included in the momentum error. In this type of
procedure, the track length must be fairly short to find kinematic parameters

with high precision (the Behr-Mittner method).

2+ Methods, the development of which takes into consideration (as a re--
flection of reality) the fact that electron tracks have specific anomalies, and

that completely new formulas must be used for them.
3. Methods using the conclusions of the cascade theory.

These include methods used to find the energy of yY-quanta by summing the
free paths of all electrons in a shower, as well as those which measure E in

terms of the number of particles at its maximum.

The Behr-Mittner method. It is very important to take into consideration

energy losses attributable to bremsstrahlung when measuring the energy of elec-
trons in heavy-liquid bubble chambers. These losses differ from losses attribu-
table to multiple scattering, or to ionization losses, primarily because of the

considerable fluctuations that occur relative to mean magnitudes.

There is the finite probability thatn an electron can lose all its energy

as a result of single radiation.

However, it is possible to find sections of electron frajectories over
which radiation losses are much lower than the total energy Eo, and these can
be considered simply as a correction. Herein lies the essence of the Behr-
Mittner method. The main part of the electron's energy is found in terms of
the geometric characteristics of the track, in terms of the radius of curvature
of the section of the trajectory (of length L), used for the measurement, for
example. But, naturally, it is necessary to discard the case when the percentage
of energy carried off by a single photon of emission over length L exceeds the 4129

value hvmax/Eo, specified in advance on predetermined physical bases. This
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includes the cutoff for the spectrum of radiation losses.

The computations for mean radiation losses are based on the following

so slight that the trajectories all lie in

assumptions: scattering is slight,

one plane; there are no ionization losses.

Let fo be the deflection of the electron

trajectory over length L in a vacuum (no
losses); f the deflection of the real tra-

jectory; and § and g the angles of rotation,

respectively (Figure 2). Then

Spiral M Cirtle L
f 0
Figure 2. Track of a particle Up="L —_t_1\{ 2 g4 (13)
Jo 8o L p) ’

in a magnetic field in a vacuum 4

(circle) and in matter (spiral).

where

Pyr P are the momenta corresponding to fo and f.

Since

L
EJE) =pulp() =, then U = el
0

Spectrum cutoff can be expressed mathematically by the inequality

pl+dly>p()er U<L)

There should be a length L for each Yoo For length L + dL we have

L+dL i
) d
Upyar = L+ dL fe“”d!:e”"“ [——L——{—(I—Z—L)U,_], (14)
daL dL
<Uprar>=<ev@h> [L——I-(I—T) <U, >]- (14a)
In precisely the same way /130
U par> = < e [ Up> 40 S5 <1 —(n—1) uyt>]. (15)

By definition
¥y .
j‘oe(n—l) y ybdL—1'gy

< eny(dL)> — 0

Yo
é‘ e~y ybdl.—l dy
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We write

jyoe(,,_l)yybu.—ldy Z (n—l) j‘yk+ de—l dy -

k=0

o

bdL+k

N (n—ap yUETE O (n—1F '
X %+ bdlL *[de + X5 : ]YS"‘»
1

o k -+ bdl
Yo

—y ybdL~1 N (- yo* bdL
Je Y dy = [de +$ k! k+de]y° )

If bdl € 1, we can write

bdl __ bdL
k+bdl  k

Therefore

< eny(bdl) > — [1 + Z (nk—.-k:)k 9o de] X
- !

x[l—i =0 yokde]= 1 +de{2 [(n — )% +
1 1

k-R!
_1_(_1)k+1]i'}=1—}—A bdL. (16)
: P "
For n = 15 2
A=Y, __yo ‘*"‘")’o —_4_4'1‘ Yo'+ ...
A, —2)’o+—)’o +—S_57 Yoo+ -5
(17)

A, —2A, = ~2—y02+...
From Egs. (1ka) through (16), we obtain /131
QUL >P= L ABL 1 <UL> =1+ 5 (A +A)bL.
By the definition for dispersion
% ——< U> — < UL>*= —(A2—2A,)bL _—ye’bL

Let us introduce the radius of curvature for the trajectory R. The following

can be written for it

<—> <—> <UL>-—1—-—-AbL_ Ly bL.

138



T

We obtain the following expression for the radiative correction to the
magnitude of radius R
1
= — bLy,R. (18)
ARrad 2 Yo
The root-mean-square error is equal to
ARV 2~ 22— L o2
and
AR \? AR
o — R? (___) AR o]
2 [< ) > —< >
o[ 1 2 1 2
=R?|—y, bL——(—A,bL .
6 2 J
Since bL € 1,
o2 = = Ly, R? (20)
R — 6 0 . 20
Now let us consider the errors attributable to scattering. The
errox due to scattering in finding the track curvature is equal to
2 Rt
2 _ £ e
=3 VT (21)
The total error, based on the error summation rule, is
o =d% (rad) + % (scat)
1 2 R4
2 1 2 P2y < P2 .
of = - bLy R+ 5 @' (22)
Bremsstrahlung Scattering
2 2 2 . .
Here 8y = Es / (oBc) XO. This error, as a function of the length of measurement /132
L, has a minimum when
2, V2 (23)

is the optimal length of the track and does not

(Figure 3, dashed curve); Lopt
depend on particle energy and is insensitive to the working liquid in the

chamber.
A method has thus been developed for obtaining the magnitudes of the optimal

lengths of tracks suitable for measuring energy. Errors attributable to radia-
The following

tion within the context of the method are small on length L,

drawbacks in the Behr-Mittner method should be mentioned.
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1. Because Yo is fixed, when group

2P % 1 |
o 1 so\oso\sootwool \2500 Mev measurements are made some of the tracks
\
22‘ are not sufficiently corrected, while
1
\ \ \ - 1 i
;\\ others are over-corrected for radiation
161 N ‘\\\-35=,_———" losses, something that would not matter
== if the radiation loss spectrum was symme-
10 trical. It is not, however, and the results

[} 100 200 300 400 L, mm
are systematic shifts in the energy value.

Figure 3. The error AP/PO in terms
of the measured length of the track 2. Measurement errors are not in-

(101 (B = 1.7 kg; Y5 = 1).

The solid curves were obtained with

cluded in the expression for Lo To do

pt®

so would increase Lo by a factor of 1.5

the error in measuring the de- pt
flection, Af = 0.3 mm, taken into to 2, the condition that bL ¢ 1 might not
consideration. The dashed curve is

s fi . B _
that for Af = 0. The numbers above be satisfied, and in such case the Behr

the curves are the initial energies Mittner formulas would not apply.
of the electrons.

3. The losses in the statistics will increase with reduction in the cutoff
threshold. Yo must be increased to compensate for these losses, but again up to

a known limit.

The Behr-Mittner method was explored further in the paper by a Dubna team
{101, which suggested a radiation loss spectrum cutoff method based on dis- /133
carding during the measurements the part of the track in which the summed radia-

tion losses exceed the specified cutoff threshold
E,. >E(1—e).

This condition superposes more rigid requirements on the permissible magnitude
of radiation losses, and we can obtain a formula for correction factors for the

same y, values that will have fewer errors

L Yo
J—*”p‘:’w(y,wy
Py o _ 1 ,
< A a —- ; (2k)
s §wm0@
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e m.»_;_:fmr‘z“_!

Upon integration with

Iif yo is finite, by writing T (bt, kyo)

<

<

The error deriving from Eqs. (26) and (28) when Yo = 1 is smaller than errors

deriving from the Behr equations when Yo = 1 and from Eq. (27) when Yo

(Figure &).

Yo

!

p2(y);00 Ddy.

pé?
<Bl>=1 | a"— ; (25)
P [[wo.0ay
A L 02 L L 12 (26)
Do Pu Po
respect to y(0 £y < Yo = o)
App (L) __ [ e _( Y )a 17
Po bL 1n 3 bLIn2 (27)
Y e wa™™
T a-o0 nl n + bl we can obtain
- L
P o 1 N(=D" 2y )
Po > L g n! 65‘ G(l, nydl;
= L
L) = 1 v 1)@yt .
i~ L X jG(l’ n) dl;
0 0 (28)
bl n+bl
Yo (- l)")'o+
G(l, =
() n+ bl Z nl (n + &)
).

_/_134

<]

£ )% - ;o . P . . .
Po " ; - This eliminates the difficulty in
e
”,—” the Behr-Mittner methodology associated
21— — . T
i __3L____——*‘ with loss of statistics. Future develop-
— | 3 ment of the Behr methodology will be along
% the following lines:
(a) one, more effective, threshold
0 600 L.mm cutoff value, Yoo will be compared with

Figure 4. The Apr/po
of measured length of

1 - according to Behr

Yo 13 2 - according

Yo
2

(28) (yO

3 3 - according

1).

errors in terms

each electron track on the basis of an

a track.

(E (20)71 wh awareness that its trajectory is a more
q. when

to Eq. (27) when or less smooth curve;

to Egs. (26) and (b) a track as long as possible and

still containing useful information will

be used for the measurements;
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(¢c) the kinematic parameters will be established for the origin of the

trajectory.
Herein lies the sense of the spiral method.

The spiral method. The momentum and angular parameters defining the tra-

jectory over which a particle will move in a magnetic field usually are found
by minimization of the sum of the squares of deviations by drawing the
approximating curve through the experimental points of the track reconstructed

in space from measurements of tracks on pictures.

The following functional is derived [11, 12]

n
Q=Y [yi—fa, x)pP
i=1
where
f(a, xi) is a function of the random quantities a {al, cesy am}, establish-

ing the kinematic parameters;

X,y y;, are the coordinates of the point of the track.

Errors in the coordinates associated with Coulomb scattering are taken into /135
consideration by the introduction into the function of a Coulomb scattering

matrix which has the form

-1

3t 3t
Fpm £ (24 Y [lsj,jﬂ(l_*_ _m;)(l T M) +

6Xopt - 2, 50 2
3 (29)
+ L jrilivyilye, k},
where
Xb is the radiative length;
tij are trajectory segment lengths.

The matrix of errors in coordinates, in which the errors in the coordinates
attributable to the Coulomb scattering are summed with the errors attributable

to inaccuracy in measurements and reconstruction of spatial coordinates, equals

Sie=Fip + * (meay Bss
' (30)
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where

5ik is the Kronecker symbol.

The functional can then be written in the form

=X Sl (vi—f(a, x))lye — f(a, x)]. (31)

L=l

Here S;i is a matrix that is the inverse of the Sik matrix.

Let us point out that the functional cannot be written in the form

x2= Z(JLM_)’; 612201'2 (me&s)_{_af (scat), (318.)

i o
because the errors in the coordinates attributable to the Coulomb scattering are
not independent; Of (meas) and g? (scat) are standard deviations of the coordinates.
(30) yields the elements of the matrix of errors, with S.. = c?, but its non-
diagonal elements represent the correlation of errors attributable to the Coulomb
scattering at various points along the track. Minimization of Eq. (31) will re-

duce to a solution for the systems of equations

Gphal) =Y, (k=1,2, ..., m). (32)

Here

. (—1) o= .
LT or@@Nay or@™ D, %)
Gy= X s,,a[ i e +
5L 1r=1

+ @D,y otV xp ] .
day Oap ?

1136

- ) IS (=1
Y, = 2 S {_‘2&_}_@_}‘_/’_ [)’1’ —f(a 'x/')] +
j']’“l

(V——l) . V—-l
bl e, o)
2

where
e V) . (v-1) . ,h
ak are the corrections for the values ak found in the (v - 1)u

approximation.

If f(a, x) is linearly related to a, the solution can be found at once in
the zero approximation. The matrix of errors in the parameters a {a, eey am} is

equal to
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%= Aa,Aa, — G- (33)
Bremsstrahlung leads to a reduction in particle energy and is strong in the for-
ward direction. The set of conjugate arcs of circles, that is, a smooth curve,
therefore is sufficiently accurate when the errors made in the measurements and
in the scattering of the electron trajectory in a magnetic field are disregarded.
This means we can select that analytical function that will sufficiently well
describe the entire family of such smooth curves, and the value of the curvature
of this function at the first point on the track will fix the unknown, initial
value of electron track curvature. In practice, when drawing the approximating
curve with variable radii of curvature, each point on the track must be assigned
an error bécause of the errors attributable to the measurements and to the

Coulomb scattering.

Now let us proceed to a quantitative consideration of the method of spirals
[1], which involves the deformation of a circle into a spiral because of energy

losses that occur during collisions and radiation.

Deformation of a circle attributable to ionization. At high energies, g o 1,

so the mean losses per unit length are constant, and equal k. The change in mo-
mentum over length dx will be

Ap (x + dx) =— kdx,
where '

pc = 0.3 BR ([p] = [MeV/c1; [B] = [kgl; [R] = [cm]);

AR(x +dx)= —Fk dx;
k' = k/0.3B;
R(x + dx) = R(x) + AR(x + dx);

kdx
R(x + dx)— R(x) {1— R(x)}-
Considering that k' (dx/R(x)) « 1, we obtain /137

R(xl+dx) - R:x) {1+k/%+(k' I;I:v) )’+'°'}'

During this time the tangent will rotate through the angle

144



x+dx

Ae(dx):j[R(zl+dz) — R(z)]dz~
(75 ) Azt v Re )

The lateral displacement (the distance between a point on the circle and the

corresponding point on the deformed curve) (Figure 5) will be

. __* » ;X (34)
€ion (%) R ( 6 + k 12R0+n--)-

Figure 6. Deflection of particle
track from a circle when radiation

Figure 5. Deflection of particle
losses are taken into consideration.

track from a circle when ionization
losses are taken into consideration.

Deformatlon of a 01rcle attrlbutable to radiation. Find the mean electron

trajectory for specified initial curvature l/RO, taking it that Yo = constant

over the entire trajectory; eo(x) is the angle of rotation of the tangent to

the circle; §(x) is the angle of rotation of the tangent to the deformed curve,

Ag(x) = eo(x) - 8(x); R, R(s), Py p(s) are radii and momenta at the initial

point and at a point lying at distance s from the initial point (Figure 6). The
lateral displacement of the trajectory can be written in the form

=~Jr da’:xd de)d; (35)
e(x) l‘Se(s)s §x§A(ss 3

AO(x)= jAO(ds)ds—jx[ e w % (36)
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Since E (x) plx) _ R __ e-v,

E, Po Ro
then x
A8 ()= — [ (e —1)ds.
Ro (37)
Let xj x. be two points on the arc of the circle, and let ej and €5 be the
3
corresponding displacements (see Figure 6). Let us designate Ri = R(xi),

Rj = R(xj). We have the following relationship for the € displacement

” 1/4
g‘.—_—sj-{-e,.’—{—e, + /.

1
Here € is the displacement attributable to the rotation of the tangent to

the circle at points x = x_ and x = x,. Putting x., = x, -~ x., we obtain
6} J ji i J
1 "
e; = xijAej’ in which €y is the displacement attributable to the radiation along
" y(x) y(x) "o, .
the path x. .5 ¢, =e J xji(Ej = EO e J7); and ¢; is a correction factor re-

1"
guired because € must be equated to the circle with radius RO’ and not to the

circle with radius Rj

2
wo__. *ji y (X]) —1
R, (e )-

g,/ =
! 2
€ can therefore be written in the form

2
gg=¢; + X; A0, + ey(x,)xji_{__% (e)’(xj)— 1). (38)

Egs. (37) and (38) provide the information needed to construct the mean electron

trajectory.

In the case of fixed Yoo and after the integration of Eq. (37), we obtain

X X
< AB(x)> = 5< exI— 1> ds=—lj (eAts — 1) ds,
Rg § Roo

that is

1 ™
<8O Sraa= 4 (<5 x) ,
Ro Alb (39)
F 4 X
1 eA,l;s 1
<e(x)>rad: <A6(S)>d$:—k;— (T_S) ds =
§ °% ! 1139
A bx —1
o ox3 e o 1 __J_
R { (A bx)? Abx 2 } (40)
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Writing Eq. (37) in the form of a series

A8 (x) = ——{Z [e"p Ei ;’) B 1]}

where

y. = y(xj),

we have

(806" (g (B exe S ) — 1]+

n n n+l-1 ntl—Jf n+l1—i
+2) X [eXP (Z Vet X }’1)_eXP (Z )’k)—exp (Z y)”
=1 j=izl k=1 1-1
Using this equation, and Egs. (16) and (17), we obtain
L3 9 A,bx_.l
< (A6 (x))2 > = {1— - ("e
( ( » Rq? F (A, — Ay) bx Ay bx
eA 1 ) eA,bx_l
T Abx —2 A, bx }’ (b1)
Similarly
<e(x)> = 2= { ! [ Y U sl B
TRy L [(Ay— A bx]? (Azbx)? (4, bx3)
o _L_]_L[ S D ]+_1 .
Agbx Abx 2 (Asbx)? Abx 8

1 [ ( Abx _ 1 ) 1
+ 2 - S
(A4 — 4y) bx (Azbxy (Agbx)y Agbx

_( St U )“ (L2)
(Arbxy awpx /)1

<eiel>rad=<sl2> —(x,-—xj)<si_\ej>—|—‘
+<e?Weis coy>m <> <> 4 FIE

2R,
xX[<e SAEON — <> (43)
2 1 Agb A
<€(X)ey(x)>raf —:tRT [[(Az—Al)be (e 20x — e 1 x) p—
Abx 44441___‘ J_ .
¢ ((A:—Al) b T2 ” ' (h4)
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AB( _x { 1 ( avx__
<)M Z 9= Ro | [(A; — A) bx]? Asbx
A, dx

A bx

R | 1 1 e 1 1 1

—_— —_ — 4 — ) 4+
Abx )+ Abx + 2 Abx ( ! 2)

1 A,bx__ 1 1 eA.bx —1
t—ayex [2( (Asbxy  Agbx ) 7

1 . eA,bx_‘ ]}
Abx Asbx (45)
Assuming that bL < 1, Egs. (39) through (45) yield

x - pan—— -
< A6 (x)> = CY Abx; <e(x)> = -——G'R‘o Abx;
(46)

<P > = o (A — 24 bx;
x*

“20Rg (A — 2A,) bx,

< e(x)> =
and we have, for N equally spaced points along the track

RN TUED) N S )
2 N2 R,

_ 1 NN+DH(N+2 22 .
<e(x)>= 5§ m R Abx;
1 NN+DEN+1) 2, . - (47)
6 A2 Ré(A’ 24,) bx;
lN(N+1)(3N3+12N2:§-13N+2)i‘_(A _

60 N5 R? ¢
—2A1)b_x. J

< AB(X)> =

<@8(x)P>=

<L et (x)> =

The next step is the selection of Yo* Test tracks with various yo are con-
structed, and the natural track is used for calibration. The natural spiral
that most closely approaches the measured spiral for the points must be selected
from among the various spirals computed for Yo = Yoo yg, ees The initial moment-
um approximation can be that obtained without consideration of the effects of 1;41
collision and radiation, or, and this is better, that obtained through the use of

the Behr-Mittern method.

If the xz that results from the iteration is not good enough, this means that
a hard quantum had been emitted. The assumption of the existence of some effec-
tive Yo value (suitable for the case of the emission of several soft gquanta) is

then discarded. Now points on the track, beginning with the last, will be dis-
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carded in succession until coincidence between test and experimental tracks is
achieved.

Integral path method. The successive repetition of the processes in-

volved in the radiation deceleration of electrons and in pair production while
conserving bremsstrahlung quanta results in the formation of an electron-photon
avalanche, .or a shower (see Figure 1). Reference [4] reviews the feasibility

of establishing y-quanta energy from the integral path for all electrons and

R=YR=3 (f—i ).
—% - (_%) io: (—_Z_f—) rad.

The energy of a quantum can then be found through the expression

E; = KR, + 2nmc?, (48)

positrons in the shower

where

n is the number of electron pairs in the shower.

The path in xenon of an individual electron in terms of its energy between O and
75 MeV has been obtained (Figure 7). The feasibility of using this method for
energies of from 20 to 1000 MeV has been reviewed in [13]. The measurements

were made on a projection of the photograph. The

E, MeV 7
sum of the paths of all electrons in the chamber
o was computed using the formula
z
mR= £ (49)
cos
25—
where
. r is the length of a track on the projectionj;
0 0 200 F,mm k 1is the magnification factor;

Figure 7. Mean free path of
an electron in xenon in

ter f . . . . .
erms ol energy the photon is moving and the plane in which

¥ is the angle between the direction in which

Dashed curve - computed.
Solid curve - experiment. the photography was taken..

Measurements were calibrated with respect to the positrons of a it » pt -+ et

-decay. A comparison between the mean free path of the positrons and the mean

expected energy provided the following for the coefficient /142
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K = i— = (0.59 * 0.02) MeV/cm

The theoretical positron spectrum was deformed assuming that various errors were
made in measuring positron energies and then compared with the experimental

spectrum, The best concordance was estimated to have taken place for the xz

criterion (Figure 8).

d Iw;% There are @ number of cases of partial
40 - . shower development; some of the energy escapes
____.A?’% from the chamber. Shower development length is
_____ i; the distance between the quantum conversion
20 —_ point and the chamber wall in the direction of
y-quantum flight. The summed length of the
/ ; . \\\\h~ path in terms of the shower development length
g 40 \‘ &;Z;%év was determined in order to estimate how much of

Figure 8. The energy spectrum, the energy leaves the chamber. The shower

e+, as a result of n+ - H+ -+ et development length applied to showers that
-decays. developed in whole, or in part, in the chamber.
Each shower was artificially cut off at different development lengths, d.

R = f{(d) relationships were obtained for constant y-quanta energies. Reference
[14] took a somewhat different approach to this problem. Here it was assumed
that the coefficient K in Eq. (48) was not a constant, and the following rela-

tionship was used.

T=T(E), (50)

where T is the total mean free path.

/143

This can be obtained empirically by making the measurements with beams of electrons

with different energies. The mean electron path in a beam of electrons with a
momentum of some 600 MeV/c was measured and compared with the computed path,
arrived at through the use of the Monte Carlo method;“ﬁexp = 131 cm for a half-

width distribution of some 15%, and ﬁ;om = 128 cm.

The Monte Carlo method was used to create imaye electron showers under

conditions approaching experimental conditions for other energies. The concor-
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dance between the experiment and the Monte Carlo method computation was adequate
for finding the "total path - energy" ratio. The advantage in measuring the
energy of electrons and y-quanta in terms of the total path is the possibility

of measuring practically all events.

The following have an effect on the accuracy with which the energy of a

y-quantum is established from the EY = f(R, d) curve [15]:

(a) fluctuations in that percentage of the y-quantum energy lost in the
form of ionization over the observed development length, d, and which are
primarily associated with fluctuations in the longitudinal development of the
shower. It should be emphasized that there is no ambiguity in R when showers

are not cut off, so there are no errors of the type indicated;

(b) errors in measuring the projections of the integral lengths of paths

with a curvometer in the plane of the photography;

(¢c) ambiguity in the minimum lengths of avalanche electron and positron

tracks.

It has been established experimentally that rmfn does not depend on y-quanta
energy, so the unobserved percentage of the y-quantum energy in a shower that is
not cut off is practically identical for all Ey, with the result that the error,
AEy, attributable to the ambiguity in roin is equal to about 6%. The error
associated with fluctuations in the longitudinal development of a cutoff shower
was established experimentally by measuring Zri at various lengths, d, in the
case of artificial cutoff of showers with identical path lengths R. This error

decreases with increase in d.

Measurement of energy E in terms of the number of particles in the shower

maximum. Reference [4] is devoted to methods that can be used to measure the
energy of y-quanta in a heavy-liquid bubble chamber and proved that it is possible
to find energies EY 2 2 GeV by using the characteristics of the development of
photon-electron showers, that is, using the number of particles at the shower
maximum, Nmax’ and the position of the maximum for the particles, t s ac-

max
cording to the cascade theory

tmax= k, (E/B)In (E£/B); }

Mnax = ke (E[B)I(E/B) V' In (E/B) >
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- (B is the boundary energy). Reference [16] contains /144

max e
C ’/1 the results of the development of this method for a
30 ‘,/’//’
L] xenon bubble chamber. Only those electrons with
20 4
,,r”’ energies greater than some minimum, Emin’ can be
10
2 5 8 E;GeV detected in the shower. The value Emin = 3.5 MeV
Figure 9. Number of was established by comparing the experimental mean
particles at the shower
maximum in terms of the free path distribution of the electrons with that com-
Y-qQuantum energy. puted using the cascade theory. Processing the ex-

perimental data by using Eq. (51) reduces to computing the EY = f(Nmax) curve

(Figure 9). Sources of errors in finding E are the inaccuracies in computing

and fluctuations in the number of electrons in the

the number of electrons,
&)

Verification of the correctness with which E in the 11
The results are

showet. -+ 2y decay

was found was accomplished in a xenon bubble chamber [16].

listed in Table L.
TABLE 4

Energy,EL'GéV

Kinematics | £y =/ (Vmax) | Kinematics| Ey =/ (¥,

1.40 1.60
598116 | 5752 140 3.00::0,86 440 |50
372+110 | 365125 6.50+1.60 6.30+ 170
721, 65 192 50+1. 30 170

1.25
3.22+£0.79 &SSile

In conclusion, we are including a summary table of the experimental results

obtained during measurements made of the energies of electrons and y-quanta in

bubble chambers (Table 5). The validity of the methods used to measure the

energies of y~quanta and electrons in their corresponding energy ranges was

verified in the course of reconstructing the masses of particles that, in the

R . . 0 0 0
final analysis, decay into wy-quanta and electrons: o, T , Kz.
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TABLE 5
Par- l M, AE, Measurement Chamber Refer~
M r, —, W — ,
ticle' Reaction M MeV MeV | m Ey Method Charge ence
i ; ) ‘.
= | 138137 100 19 22 Behr-Mittner '
a—=+p ] i 50 Vol. % + [20}
' ' < method CyHy+50Vol . % '
: CF,Br
. 1 1.15 GeV/e 5734:26 235 18 22 ‘
Ko K+ N oKp + 8742 | — ~5 — | Same CF,Br {19]
I +p+.., Kb — X .
,  —*3x° 09 GeV‘/C: | | ;
! ‘ | ‘ , |
© la-+p, 4GeV/c 13842 40 7 + 3  Method of '(CH, (17, 18]
} i spirals :
. ) Electron
1~ + nuclei 135,1£2,3 50 13 15 Behr-Mittner| o, +GHs | (8]
, 28 GeV/e ‘ method
_ : | | :
: A4 p 5 GeV/el 1334 1 40 105 Method of |y (12}
; ' f : spirals
| l %
T a4 Xe 9 Gev/,:{ ~150 i 100 i — | 330 B =N ) | e [16]
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10.

11.
12.
13.
14,

15.
16.
17.
18.
19.
20.
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DEVELOPMENT OF A METHOD FOR STUDYING ELECTRON TRACKS
IN BUBBLE CHAMBERS WITH A HEAVY LIQUID
AND STRONG PULSE MAGNETIC FIELDS

V. K. Makar'in, N. N. Mukhin, A. S. Romantseva,
I. A. Svetlolobov, M. M. Sulkovskaya,
S. A, Chuyeva, R. S, Shlyapnikov.

ABSTRACT. A method for studying electron tracks in a

xenon bubble chamber that is similar to that developed

earlier for studying heavy, charged particles, and based

on measuring the area of a segment over a short, initial

section of the track, is described.

Approximate analysis methods, developed for use with tracks that have small /147

and constant curvatures, usually are used to interpret the tracks made by charged
particles in bubble chambers filled with a light material and in those with weak

magnetic fields. These methods are not suitable for interpreting the tracks of

particles recorded in chambers with a heavy liquid and strong magnetic fields.

Our laboratory is now in the process of completing the building of a xenon
bubble chamber 22 cm in diameter with an impulse magnetic field as strong as
70,000 oersteds. Tracks made by charged particles in this chamber should have
large and variable curvatures. This was the basis for undertaking to develop a
convenient and universal method for analyzing tracks of any curvature, a method
which we have chosen to call the area method. The basis of the area method is
the use of readily measured integral, or semiintegral, characteristics of particle
tracks (length of arc, angle between the direetions of the magnetic field and momentum,
and area of the curved segment in the plane of the photograph). The area method
for analyzing heavy charged particles has been described elsewhere [1]. The
idea behind the use of this method is to compare the measured area of the segment
Z;eas with its computed values Ecom for different sections of the path—mémentum
curve. A special program (for a computer) is used for the comparison, one that
"moves" the measured segment of the track along the path-momentum curve to co-

incidence, I An experimental check of the method showed that it was

meas ~ “com®
more accurate than approximate methods, energy losses due to ionization not taken

into consideration.
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This article has undertaken to extend the area method to electron tracks,
analysis of which requires additional consideration of energy losses due to 4}48
radiation. Artificial electron tracks, modeled on the basis of the Monte Carlo
method as applicable to the parameters of the chamber that is under construction,
and to the conditions for making measurements with the semiautomatic equipment
available in the laboratory [2], were used as the original material for develop-

ment of the method.

1. The Methodology Used to Obtain Electron Tracks.

The electron traeks were selected in the energy range be-
tween O and 1000 MeV (more precisely, ending at the first energy value
in excess of 1000 MeV). In order to simplify the computation, the end of each
electron (corresponding to zero kinetic energy) was located in the coordinate
origin and electron movement was considered in a plane normal to the direction
of the magnetic field (@ = 1/2).1° Ionization losses were calculated and
radiation losses were sampled avery 0.1 cm (radiation losses were computed for
energies in excess of 1 MeV). The program for the computation made it possible
to derive the values of the X, Y coordinates for any point on the electron track,
as well as the momentum p. A special program was used to introduce the
correction for multiple scattering. This program "turned'" the modeled track at
each computed point through some angle ®, found through the law of chance. Sta-
tistical errors AX and AY, the concrete values of which too were found through
the Monte Carlo method, were introduced to take inaccuracies in measuring the

derived coordinates into consideration.

Ionization losses were computed through the formula

dE 2rNZet mulE V) 2
_dE _ - —@VITP—1+§)In2
e U i Rl A A e

HI =B+ (1= VT=FP},

15. When O # 7/2, the electron momentum will be larger by a factor of
1/sin @.
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where

NZ is the concentration of electrons in the medium;
E is the electron kinetic energy;

m is its mass;

v is the velocity;

B = v/cy

I ig the mean ionization pétential.

The radiation losses were sampled according to the formula

-y _bl-1

w(y)dy =~ @,

which yielded the probability of a predetermined reduction in energy after the
passage of an electron through a layer with thickness t. Here y = log(EO/E), /150
where E_ is the initial energy, E is the final energy, and b is a constant that
depends on the medium.

The variables y = (1/t - l)lb/t were substituted for purposes of elimin-
ating divergence in W (y) for small t. The constant b was varied according to
electron energy.

The AX and AY errors, and the multiple scattering angle ®, were sampled
according to the the cosine law, which is in good concordance with
the central pért of a Gaussian distribution. The values of the root-mean-square
error, (v, énd the root~mean-square angle of multiple scattering, ®2, were used
for normalization. The latter was computed (for each poirit along the track)
through the formula

82=KIn [113-10¢Z%:22 A1 £,

where

_ ZZ+ a2t
K =0,157 - ; o /151

2
t+ is the thickness of the scattering layer, g/cm ;

p and v are the momentum and the velocity of the scattered particle
(Lpvl = [MeV]);

Z and z are the charges of the scattering medium and of the scattered

particle, respectively (measured in units of electron charge);
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# x,cH

Figure 1. Distribution of the "ends'" of 430 computed electron

' tracks uncoiling from the center of an xenon bubble
chamber with a magnetic field of 70,000 oersteds from
momentum p=0t pa 1l GeV/ic.
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Figure 2. Momentum curves in terms of residual range for
electron tracks 1, 2, 3, 4 (see Figure 1).

158



A is the atomic weight of the medium.
All computations were thade using an M-20 electronic computer,

Figures 1 through 3 show some of the characteristics of the '"tracks'" ob-
tained. Figure 1 shows the distribution of the '"ends" of the electron tracks 1?52
uncoiling from the center of the chamber, aind an overall view of several tracks
(1, 2, 3, and 4) for some of the coordinates derived every 0.6 cm. As will be
seen from the diagram, in a field of 70,000 oersteds, the electrons uncoil so
strongly that they usually remain within the chamber limits, even after they
"gain" a momentum of p .0 1 GeV/c. Analysis of the distribution of the ends of
the tracks through the chamber volume reveals that the percentage of stoppages

of electrons in the chamber is 80%, and this is with the edge effect taken into

consideration.
" |
N . _ .
<250 MeV/c p— d
p< 1000 Mé\},er_'“‘ a P { ]
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Figure 3. Distribution of paths of electrons with p < 1 GeV/c.
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Figure 2 shows the "increase" in the momentum for the four tracks shown in
Figure 1 in terms of the residual range, as well as the behavior of the momentum
with range (dashed cuirve) in the case of the purely ionization mechanism of
energy losses. As will be seen from the figure, there are individual cases when
an electron cah lose almost all of its energy immediately (track 1), others when
an electron will lose its energy in comparatively small increments, despite the
fact that in all cases the electron path is significantly shorter than the ion-
ization path (the ionization path for an electron with initial momentum p = 1

GeV/c in xenon is R, = 202 cm).
ion

Figure 3a is a histogram of the distribution of paths of electrons with momen-
tum p <1 GeV/c. The histogram covers the distance from R = 1 cm (3% of the
cases'with’R £ 6 cm) to R = 29 cm (3% of the cases with R = 26 cm). The highest

probable path value is R = 15 cm.

The integral characteristic used for the distribution of electrons by paths
was the width of the I' band, containing 2/3rds (67%) of the electrons with the
smallest deviations of their paths from the most probable value. As will be

seen from Figure 3a, [ = 10 cm, and the most probablé range value, Rprob’ lies

ih the middle of the band. If the histogram is constructed for electrons with mo-
mentum 0.9 GeV/c £ p < 1 GeV/c (Figure 3b), the maximum will remain in the same

place, but the band will expand and become nonsymmetrical

. +7
Rprob = 15_5 cm,

Based on the sense of the magnitudes of [ and Rprob introduced, the total

range of an individual electron, Rt
equals Rtot = 15+; cm (the confidence probability is 67%). A similar analysis,

made for initial momenta of 0.5, 0.25, and 0.125 GeV/c, will provide the dis-

ot * with an initial momentum p = 1 GeV/c

tributions shown in Figures 3c, d, and e. The characteristics of all four dis-
tributions are listed in Table 1, which contains the most probable values of

for monoenergetic electrons.

total ranges, Rprob’
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2. Evaluation of Electron Momentum in Terms of the Magnitude
of the Total Range.

Because the tracks of electrons with an initial momentum p < 1 GeV/c
usually end within the chamber volume, it is useful to analyze the possibility
of evaluating electron momentum 1in terms of the magnitude of its total range.
A comparison of data listed in Table 1 reveals the most probable range, Rprdb’
is a very weak function of the initial momentum of monoenergetic electrons, with
the range straggling near the most probable value extremely great. What_follows

is that the reverse operation of determining the momentum for monoenergetic

electrons in terms of the nature of the distribution of their total ranges, Rtot’
can be carried out with sufficient accuracy only with a very great many statistics.
The momentumaof a single electron in terms of the magnitude of its total range can

be established on a tentative basis only.

TABLE 1
P, MeV/c I 1000 500 250 128
Ryrob? M 15771 1314) 1133 | 1033

Distributions of electrons with these ranges as a function of the initial mo-
mentum (Figure 4a through e) were constructed in order to make a quantitative
evaluation of the boundaries of the 67% confidence interval in which the momentum
of an individual electron with the specified total range can be included. Elec-
trons with initial momentum of p < 1 GeV/c (corresponding to the experiment
in which the upper limit of the energies of the electrons forming was 1 GeV)
were used for the distribution. The results of the interpretation of Figures
La through e are listed in Table 2, where the most probable value of the momentum,
Porob?
values cited for total range. The momentum Pion? corresponding to purely ioniza-
tion losses, was used as the lower limit of the possible momentum for the

5 and 10 cm ranges).

As will be seen from the distributions and tables constructed, the total
range (with the exception of very small and very large values) is a very poor

characteristic of initial electron momentum, so the method of evaluating
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the momentum in terms of the total range can be used only as a supplemental
method. Analysis of the differential characteristics of the electron track

can provide more accurate information about the electron momentum.

TABLE 2
Positions
in Figure & a b c d e
R g2 oM 5 10 15 20 2%
Pprop? MeV/e 20215 | 1004120 250+ 3% 550 + 20011000+ 3
Py MeV/c 17 35 56 78 100
N ¥
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Figure 4. Distribution of electron momenta with specified range.

3. The Differential Area Method for Electrons.

Statement of the problem. The overall appearance of artificial electron

tracks, their distribution in terms of total range (for a specified momentum), 14155
and in terms of momentum (for a specified total range) concords with the radia-

tion loss theory. Hence, artificial electron tracks can be used to develop a

method for determining momentum for real electrons. A fast electron loses

its energy in discrete portions, the magnitudes of which, AE, can attain the

original energy value (AE < EO). The behavior of curvature with range, and

the area of the curved segment, measured over the entire recorded section of
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the range (both of which are good characteristics of the momentum for a heavy

charged particle), therefore cannot be used to establish the electron momentum.

Some reliable data on electron momentum can be obtained by measuring

the curvature of the very first section of the track (At ~ 0.3 Xo,
the radiative length of the track). The dimensions of this section, Atl, will

h X i
where X  is

depend on the parameters of the medium, the nature of the discharge of energy
for the particular electron (see Figure 2), the intensity of the magnetic field,
measurement errors, and on other factors. Thus, the following problems must be

solved in developing the area method:

1. find the range of optimal values of At within the limits of which it is

desirable to measure the track parameters;

2. establish a procedure for measuring track parameters that will be con-
venient to use and similar to that developed for heavy particles (the area of
the segment AY on the section of track At, the angle ® between the momentum and

the direction of the magnetic field);

3. find a way to evaluate electron momentum in terms of measured values
of track parameters and compose the corresponding program for the electronic com-

puter. The program should provide for:

(a) varying the dimensions of the track section A{ during the measure-

ments (within the limits of optimal values);

(b) analyzing several successive sections with lengths Atl, Atz, and

At., for tracks with relatively low radiation losses (track 4 in Figure 2);
3 ?

L, analyze the accuracy of the method, taking into consideration multiple
scattering, measurement errors, inaccuracies in the magnitude of the magnetic

field, computational approximations adopted, and others.

Computation methodology and results. The area

al of the segment AY was found for sections of the track
az limited by the segment of an arc of length At and a
chord subtended by this arc (Figure 5). The segment
was approximated by a triangle, two vertices of which
Figure 5. Differential coincide with the ends of the segment, and the third

Parameters of a track. located in the center of the arc. This was done for
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simplicity in making the measurements and computations. The computations were 1}57

made for pt1 = 0.6, 1.0, 1.4, 2.0 and 3 cm.

The values of AL/Al as a function of the "true" (that is, obtained by sampl-

ing using the Monte Carlo method) value of momentum, , are plotted

p'true
in Figures 6a, b, and c for A{ = 0.6, 1.4, and 2.0 cm. There is a point in the
graphic for each section, Ali, of the electron track (the broken line in Figure
6a connects all points on one track). As will be seen from the figures, the
points are grouped near the straight lines

A—Z=
Pirue Al clat),

where
clpt) is a factor that depends on Al (the dispersion of the points can

be explained by fluctuations in the bremsstrahlung).

A comparison of the results, equated to various Al, revealed that c{jt)

depended on Al as the square of the relationship

c(Al) = EAL2.

Here the constant k— -S89 . 54 265 _ (—)—424- =1,35.
Al 22 1.42 0.63

Now it is possible to find the electron momentump ___ in terms of the value /158
of Ay (with accuracy to within the fluctuations in radiation losses) for a sec-

tion of the track with arbitrary (within the limits of optimal values) length A116

16
o _ kAR AD
meas AZ/AL AY
Distributions of the magnitudes 1}59
AP _ Pmeas - Ptrue
P Ptrue
for At = 0.6, 1.0, 1.4, 2.0 and 3.0 cm were constructed to compare Preas with
Pi v’ Some of these are shown in Figures 7a through c. The histograms are not

16. See the note on page 156.
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symmetrical. They are characterized by a steep decline on the right and a broad,
slow drop on the left. This histogram form can be explained by the sharp in-
crease in the magnitude of Ay at those points on the track that correspond to

high radiation energy losses by the electrons.

The width of the [ band, within the limits of which are 2/3rds of the sampled
cases with the highest probability of appearance, was used as the integral dis-
tribution characteristic. The width of the distribution is shown by the dashed
lines in Figure 7. As will be seen from the Figures, the width of the [ dis-

tribution is 8% when Al = 0.6 cm, 20% when Al = 1.4 cm, and 32% when Al = 2.0 cm;
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that is, it increases with increase in At. Once again, the explanation lies
in the bremsstrahlung effect, the probability of which increases with increase

in the length of the segment for the particular track segment.

The results given in the above were obtained assuming the absence of
multiple scattering and measurement errors. Consideration of multiple scattering
and measurement errors was a separate matter, considered as indicated in section 1960
1. Computations were made for At = 0.6, 1.0, 1.4, 2.0, and 3.0 cm and for g =

50, 100, and 200 microns, in order to take measurement errors into consideration.
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Figure 8. Distribution of the magnitude when At = 2 cm

Pt rue
and g = 50 (a), 100 (b) and 200 microns (c), with multiple
scattering not taken into consideration, and when g = 200
microns (d) with multiple scattering taken into consideration.
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The computations revealed that the Ap/p distribution curves are expanded
significantly as compared with the case of g = 0 (particularly for small At).
Figure 8 is an example showing the normalized Ap/p distribution for A1 = 2.0 cm
when g = 50 microns (Figure 8a), 100 microns (Figure 8b), and 200 microns /161
(Figure 8c). As will be seen from the figures, the distribution curves became B
more symmetrical, but the width of the I distribution increased from 32% for
o = O to 44, 48, and 60% for 5 = 50, 100, 200 microns, respectively. Consider-
ation of multiple scattering resulted in an additional increase in [« For
example, [ increased from 4k to 60% for At = 2 cm and ¢ = O, from 48 to 64% /162

when g = 50 microns, and from 60 to 68% when 5 = 200 microns (Figure 8d).

A comparative study of various

l %~ )
distributions revealed that there is a
30_9 - . region of At magnitudes for which the
e ‘:::::::::: | distribution width, [, and as a result
50h_:::::TT::::%EE;;;;;:=:$:::::;EE;Si the error in measuring the momentum, is
. ! minimal (Figure 9).17 This region is
40 - - (”’__,—ﬁ*"" At = 2 to 3 cm for g = 50 to 200 microns.
jjjj Therefore, the optimal distance between
e T - two successive points is the magnitude
At/2 = 1.5 cm when measuring electron

1 2 3 al,cm tracks.
Figure 9. T in terms of A{ when The above distributions were ob-
O = 0 without multiple scattering
C . £ .
considered (a), and when g = 0 (b), tained for electrons with momenta of
50 (¢), and 200 microns (d) with O to 1 GeV/c. It is of interest to
multi ttering considered. . .
ple sca ng con ere investigate the dependence of the width

of the distribution of the magnitude Ap/p within narrower energy intervals. The

results of the corresponding computations made for At = 1.2 cm and g = 100

microns are listed in Table 3.

17. Figure 9 also shows the curve for purposes of comparison for [ in
terms of At when g = O without multiple scattering considered.
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TABLE 3

P, MeV/é ! r, %
0~100 72
100-200 72
200-400 68
400-800 56

As will be seen from Table 3, there is but slight dependence of the width

of the [ distribution on the initial momentum. It should be noted that the magni-

tude of I is made up of the inaccuracies in both signs, with the result that it

is in excess of the normal error by a factor of approximately 2.

Conclusion. This article has described a method for studying electron /163

tracks in a xenon bubble chamber that is similar to that developed earlier for
heavy charged particles. The method is based on measuring the area of a segment
Analysis revealed a logarithmic

AY over a short, initial section of a track, At.
The

linear dependence of AY/Al on momentump, and a square dependence on At.
simple nature of these dependencies is what makes it possible to make the measure-

ments and to develop a convenient method. The universality of both methods (for

heavy and light particles) greatly simplifies the compilation of programs for the

computer.,
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THE NOBLE GAS SCINTILLATION MECHANISM

B. A, Dolgoshein and B. U, Rodionov

ABSTRACT. The noble gas scintillation mechanism is
analyzed. Previous studies are reviewed, the elementary
processes taking place along the track of an ionizing
particle are discussed and properties of gas scin-
tillators are described.

1. Introduction

The capacity of noble gases to light up when acted upon by ionizing par-
ticles is widely used in experimental nuclear physics. Let us list the most

important properties of gas scintillators:
(1) gas scintillators efficiently record particles with various ionizing
capabilities (from fission fragments to relativistic electrons);
(2) the rise time for a scintillation pulse is short (about 10_8 second) ;
(3) the linearity between the amplitude of the light flash and the energy

lost by the ionizing particle in the gas is found to be good;

(4) the range of the particle (or the energy lost in the scintillator)
can be controlled by changing the gas pressure, so recording of the more pene-

trating radiation can be avoided;

(5) scintillating gas can be used simultaneously as a target [for neutron
spectrometry as a result of the He3(n, p)H3 reaction, for examplel;

(6) noble gas in ionization and spark chambers can be used simultaneously
as a scintillator;

(7) a gas scintillator can be made in any size and shape.

The properties of gas scintillators known up to 1964, can be found in

surveys of the subject [1, 2, 3 (chapter 14)]. A whole series of new properties,

the most important of which will be cited in what follows, are being studied at

this time.

The recent investigation of atomic processes taking place in plasma (see

{4-6]1, for example) makes it possible to evaluate the role of these processes
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in the kinetics of noble gas scintillation, as least qualitatively. Section
2 is devoted to the elementary processes taking place along the track of an
ionizing particle. Section 3 describes the properties of gas scintillators.
The principal purpose of this article is to analyze the mechanism involved in

noble gas scintillation.

Let us pause to consider the individual stages that have taken place in 1965
the study of the nature of noble gas scintillation. The work done by Pierre
and Marie Curie stimulated the production of powerful radiocactive preparations.
The luminescence of the gas near these preparations was seen by the naked eye
(7). In 1906, Stark found that the fluorescence of a gas under the influence
of y-particles was unresponsive to an electric field [8]. Pohl was concerhed
with the nature of the fluorescence of gases [9]. Interest in gas scintillation
increased after the appearance of photoelectron multipliers, when it became
possible to really record individual particles from the flashes of light in the
gas. In 1951, Grliin and Schopper studied scintillation as initiated by g-par-
21 Has Ops
found in argon, and it was proven that this light did not depend on the pre-

ticles of polonium in argon, N and CO2 [10]. Maximum light yield was
sence of an electric field, and that most of the light was in the ultraviolet
radiation region. The use of light converters for transforming the far ultra-
violet radiation of a gas into visible light [11] made it possible to increase
scintillation amplitude by a factor of almost ten. Because far ultraviolet
radiation in a noble gas can occur only upon transition of an excited atom to the
ground state, radiation from atoms should be absorbed resonantly in the gas it-
self, This is why Avivi and Cohen, in 1957, assumed that ultraviolet radiation

occurs upon transition of excited atoms of a noble gas to the ground state [12].

Scintillator deexcitation time, according to this same reference [12],
having been proven to be inversely proportional to the gas pressure and equalling
about 10-6 to 10‘7 second at normal pressure, pointed to the fact that ions
forming along the track of an g-particle were excited to the metastable level.
Lydia Koch [13-15] showed that two deexcitation processes can be observed in
noble gases; rapid deexcitation, in approximately 10.-9 second (the fast scin-
tillation component), and slow deexcitation, in about 1077 second (the slow

component). Koch assumed that the slow component was associated with the

171



deexcitation of the metastable ions. Trace amounts of impurities (10_2%)

had a significant effect on gas scintillaﬁor deexcitation,

Northrop and Gursky [16] believe the cause of luminescence to be the re-
combination of ionized noble gas molecules forming along the particle track
with the electrons (1958), Already known at that time was the fact that the
ionized noble gases molecules, discovered by Tixen in 1936 [17], have an un-
expectedly high coefficient of recombination with electrons [18, 19]. The
hypothesis advanced with respect to this recombination contradicted experiments
in which the nonresponsiveness of a gas scintillator to an electric field had
been shown [8, 10, 20, 21]. Tavendale successfully noted the reduction in the /166
amplitude of scintillations in an Ar + N2 mixture in 1961 [22]. The effect w;;s

about 3% when excitation was by a-particles, and 40% when excitation was by U

fission fragments.

Reference [23] attempted to explain scintillation amplitude in helium in
terms of electron and ion recombination pressure. Reference [24] found no
electric field effect on scintillation in helium. The authors assumed the light
to be the result of the excited Hez* molecule. Reference [3] came to the con-
clusion that the complex conditions of Tavendale's experiments were not suffi-
cient grounds for saying that recombination in noble gases had been proven. Gas

scintillator literature [25] gives preference to the hypothesis that scintilla-

tion light is the result of the deexcitation of metastable ions.

Recently conducted, detailed, spectroscopic investigations made of scin-
tillation in gases [26-~29] confirm, in the main, the results of earlier investi-
gations [14, 30]. Spectrum analysis indicates that noble gas scintillation is
associated with the deexcitation of photons by excited noble gas atoms and
molecules. Impurities (02,.N2, H20, Hg) that are always present within the
scintillator (wall outgassing), even when the gas is very carefully purified,

make a definite contribution. There are no lines for the excited ions, for all

practical purposes.18 Luminescence of ions is thus apparently unimportant in

18. A peak of 3093 X in argon earlier had been assigned to the excited ion
ArII [14], but reference [26] showed that this peak was associated with the
deexcitation of the excited OH radicals.
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gas scintillators.

Our paper [31] showed experimentally that recombination makes a significant
contribution to noble gas scintillation (see section 2). This is the time,
therefore, to review some of the previously made representations with respect
to the nature of noble gas scintillation, because not one of the old scintilla-
tion models is capable of explaining, even qualitatively, all the known proper-

ties of gas scintillators.

2. Processes Along the Track of a Charged Particle

a. Formation of molecules and of molecular ions

Molecular ions. A charged particle, moving through a gas, will form atomic

*
ions X+, electrons e, excited atoms X , and excited ions along its track. Be-

cause ion lines have not been noted in the spectra of noble gas scintillations,

excited ions are an insignificant part of the ions, and we will given them no _4167

19

special consideration.

An atomic ion, X+, colliding with the atoms of gas X, forms an ionized

molecule, X; [32]
X+ 42X - X5 + X.
(1)

A third particle is needed to carry off the energy released during the formation
of X;. The chsracteristic time for the Eq. (1) reaction can be found through

the formula

ay n*

where

n is the number of atoms of the gas per cm3;

o is a coefficient that is little dependent on gas temperature [33-35];
6

o = 5(10732 to 102 )em®sec™t.

. =8
The Eq. (1) reaction will take place in 10 second at normal pressure
(n = 2.7°1019 l/cm3), sa in dense gases (pressure about 1 atmosphere) electrons,

for all practical purposes, recombine only with ionized molecules. Incidentally,

19, According to the data contained in [12], the number of excited ions
is 2 to 3% of the total number of ions.
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the probability of the recombination of an electron with an ionized molecule
is thousands of times greater than the probability of the recombination of an

electron with an atomic ion of a noble gas [36].

The disassociation energy of the ionized molecule X; in the ground state
is about 1 ev [37] (helium - 1 to 3 ev [27]), that is, the ionized molecule is
extremely stable and evidently will disappear in gas scintillators only &s a

result of recombination with an electron.

Excited atoms. Now let us trace the fate of excited atoms. The excited

atoms of a noble gas have two lower metastable levels, and two resonance levels
(3P2, 3Po and 3P1, lPl, helium has the metastable levels 351, 1So and the reson-
ance levels 3PO, 1Pl). Sooner or later, all the excited atoms in a dense gas
will prove to be excited at one of the four lower levels. As a matter of fact,
transitions of an electron between the upper excited states, leading to the emis-
sion of ultraviolet radiation, visible, or infrared light, will inevitably put

a noble gas atom into one of the four excitation states mentioned.

If an atom moves from any of the upper excitation levels to the ground
state, a photon will be emitted and it will be absorbed immediately by a neigh-
boring atom. Radiation '"capture! actually increases the lifetime of excited

atoms in a gas in terms of transitions to the ground state. All such atoms fin- £168

ally fall, therefore, into the two lower metastable levels, or into the two
resonance levels. Because of the capture of resonance radiation, the resonance
levels will be populated for an extraordinarily long time (until diffusing light

reaches the chamber walls, or the excited state is extinguished in collisions).

The interaction of excited atoms with neutral atoms. BSo, excited atoms in

a pure noble gas cannot, practically speaking, make a transition to the ground
state, and the result is that most of the energy expended by the ionizing par-
ticles in exciting the atoms is suppressed in the gas. The carriers of this

energy, the atoms, excited at one of the four lower levels, will interact with

the surrounding atoms [37-40]
X*+2X—9X2*+x. (2)

The time of this reaction, just as in the Eq. (1) reaction, is inversely propor-

tional to the square of the gas density
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ay n2

3

wherea, will change from 2.5~10-34 (helium [41]) to 10~ 1cm6/sec (krypton [42]).

7

-6 . . - -8 .
T ™~ 10 6 sec in light gases, and 10 to 10 sec in heavy noble gases at normal
pressure. The photon emitted by the molecule during the transition to the ground
state will not be a resonance photon for neutral atoms, and therefore leaves the

gas freely.

The X2 molecule ionization potential is approximately 1 to 2 ev less than
the ionization potential for the atom [37, 431. Hence, highly excited atoms are
capable of forming ionized molecules when they collide with neutral atoms

[43-45]
X* + X o X{ +e. 3)

The energy released during the formation of the Xz+ ion in this reaction is
carried off by the electron, so a two-particle collision is sufficient. The
Eq. (3) reaction should be completed prior to the transition of an electron of
the atom to one of the four metastable levels, because at these levels the
energies no longer suffice to detach the electron and form an ionized molecule;
that is, the real time required for the Eq. (3) process to take place is not in

excess of the deexcitation time for the atom (about 10_7 second).

So, we see that along the track of an ionizing particle the result of the
Eq. (1) reaction is to convert all ions into ionized molecules, X;, and all
excited atoms, X*, into excited molecules, X; [the Eq. (2) reaction], or into
ionized molecules, X; [the Eq. (3) reaction]. And only a slight amount of the
energy is converted into heat (carried away by the atoms or electrons taking

part in the triple collisions).

Mixtures of noble gases. Let us review the processes taking place along

the track of an ionizing particle in a mixture of two noble gases (X is the

lighter, Y the heavier). Since the levels of excitation (and the ionization
potential) for the light gas always are higher than those for the heavy gas,
there should be effective interception of the excitation energy by the atoms

of the heavy gas in a mixture of two noble gases
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X*+ Y- X+Y* or X"+ Y-2X + Y% (&)
Y*+2X -5 (XY)**X or Y* 4+ Y+ XY,*+X; (5)
XY)* +Y > Y,* + X. (6)

Ionization of an atom of the heavy gas (the Penning effect) is possible
X¥4+Y->X4+Y++e } (7)
X* +Y—>2X +Y+ +-e.

The reactions between the ions are enérgetically favorable

or

Xf+ Y = (XY)* + X; (8)
XF+Y Y+ +2X; (9)
Y+ + 2X - (XY)* + X; (10)
XY)* + Y- Y5 +X. (11)

Thus, as a result of the Egs. (4) - (11) processes [as well as the Egs. (1) - (3
processes] it is possible that there will be a pumping of almost all of the
energy lost by the ionizing particle in a mixture of two noble gases to the
molecules of the heavier gas (or to molecules of a mixed type). There is an
effective energy pumping process when there are slight concentrations of the
heavier gas. Mass spectrometric analysis of a Kr + 0.02% Xe mixture showed pre-
dominance of the (KrXe)® ions in the mixture [46]. Neon lines were predominant

in the optical range in the He + 10_3% Ne mixture [27].

Noble gas containipg anrimpurity. If a noble gas, X, contains an atomic

impurity, Y, all of the Eq. (4) - (11) reactions cited above are possible, ob-
viously. For example, an impurity consisting of 2-10_2% cesium vapors in helium
will result in the cesium intercepting all the energy released in the discharge
[47], and only cesium lines will be observed in the discharge spectrum. The
presence of 0.002% mercury vapors in argon yields an intensive resonance line

o
at 2536 A in the noble gas scintillation spectrum in the optical region [14].

Molecular impurities have many excitation levels, therefore these im- 4170
purities are particularly effective in intercepting the energy from the excited
noble gas atoms (molecules). But it is possible to ionize the
molecules of the impurity, or to excite the impurity, and equally possible are
dissociation, dissociation with excitation of newly forming molecules, and
the like. When noble gas ions interact with the impurity, charge exchange,

with excitation of the ionized molecule of the impurity, is possible [6].
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The following are some of the reactions with the most widespread molecular

impurities in noble gases [27]

X§ + 0, — Of + 2X;

(12)
X# + Ny = Nf + 2X; (13)
Xt+Nz—"N;’+x+e; (14)
X* 4+ N; o Np* = X; Np*— Ny - kv (:h:y\sr;:lzb:: iifjfzn?" (15)
X* 4+ Ny — X 4 2N; (16)
[]
X* + H,0 » X +- OH* + O; OH* - OH + &v . (band near 3064 A) 7)

The formation of new, excited noble gas molecules, (XO)*, for example,
also can be observed [48]. As we see, there are a great many different pro-
cesses that become possibilities during the interception of energy by the
molecules in the impurity. They all result in the deexcitation of the gas
atoms, and effectively convert the energy lost by the ionizing particles to
the gas into heat. The Eq. (15) reaction takes place in argon with a large
cross-section, and nitrogen (up to 10%) has been specially added to the early
designs of gas scintillation counters to transform the energy of the excited
argon atoms into visible light [10]. Let us follow the fate of ionized mole-

cules in a pure noble gas.

b. Electron-ion recombination

The presence of electron-ion recombination, accompanied by luminescence
along the tracks of ionizing particles in noble gases was shown experimentally

in [31]. The proof is based on the following two experimental results.

1. The decrease in the amplitude of scintillation light is proportional
to the number of electrons extracted from the track of the ionizing particle

[31, 48, 49l.

2, The increase in scintillating light in terms of time is proportional

to the number of electron recombination events [31].

It is a known fact that recombination of electrons with the ionized mole-
cules of a noble gas proceeds thousands of times more effectively than it does

with atomic ions [18, 19, 32, 36, 50]. When the high rate at which ionized
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molecules are formed is taken into consideration (see section 2a) it can be
asserted that in gas scintillators the recombination of electrons with atomic
ions is insignificant, and it can be taken that electrons recombine only with

¢
“ionized molecules. Recombination is possible in one of the following processes

X; +e— X" + hy; (18)
Xy +e->X*4X; (19)
Xp+2oXt +e (20)
X +e+X—-X*+ X, (21)

There is little likelihood of the Eq. (18) radiative recombination because the
time the electron interacts with the ionized molecule during collision is very
much shorter than the photon emission time, so there is little likelihood that
the energy for binding the electron to the ion will be carried away by the
photon. The coefficient of radiative recombination is 10"ll to lO-.12 cm3/sec

for thermal energy electrons [6].

The Eq. (19) dissociative recombination was long considered the most
probable recombination process in noble gases. The coefficient of dissocia-
tive recombination has been estimated as in the range 10_6 to 10—8 cm3/sec [6].
However, recent investigations made of noble gas plasma have shown that the role
of dissociative recombination has been overestimated (see [51-54], for
example). Apparently the principal recombination processes in noble gases must
be considered to be the electron-ion recombinations in the Eq. (20) and Eq. (21)

three-particle collisions.

A survey of the work done in accordance with the theory of triple colli-
sions of an ion with electrons can be found in [5, 6, 551. The electron re-
combines with the X; ion in the Eq. (20) reaction, and the potential energy
released during electron capture is transferred to the other electron taking
part in the collision. The recombination coefficient is approximately
10_26 ne/T9/2 cm3/sec (ne is electron density, T is their temperature, ev
[56, 57]1). The Eq. (20) reaction can be the principal recombination process
in plasma with a high electron density. For example, n 1015to 1016 along

the track of g~particles in helium at a pressure of 7 atmospheres [23]1. Con-
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sidering the electrons as being thermalized (T ~ 1/40 ev), we obtain a magni-

tude of about 10—4 cm3/sec for the recombination coefficient.

The Eq. (21) reaction can become substantial in plasma with a low charge - /172
density. The energy released during recombination is carried off by an atom
of gas X. The recombination coefficient is prop&rtional to gas pressure p in

11

this case. It is 10~ p cm3/sec in helium ([p] = [mm Hgl) [58]. The magnitude

of the recombination coefficient is about 10_8 cmj/sec at normal pressure.

So we see that the result of the recombination of an electron with the ion
of Eqs. (18-21) is the formation of excited molecule X;. In the case of the
Eq. (20) dissociative recombination the-excited atom will take part in the ‘
Eq. (2) or the Eq. (3) reaction, and, in the final analysis, the excited mole-

cule X; will be formed once again.

c. Formation of plasma along the track of an ionizing particle

The Eqs. (18) - (21) recombination processes are greatly dependent on the
ion density formed along the track of the ionizing particle. There may not be
any recombination when ionization density is low because the electrons leave
the zone occupied by the positive ionized molecules quite rapidly as a result
of diffusion. In fact, the electrostatic interaction of particles along the
track can be ignored when ion density is low. Recombination is insignificant
prior to electron thermalization, so the electron cloud leaks out during ther-
malization time t [59] such that the root-mean-square electron shift with re-
spect to the trajectory of an ionizing particle 'Vf;;- y is y/$§,= 4D,t

(De is the diffusion coefficient for the electrons). The ions have a similar

expression 1/332::p/ﬁLht [Di is the diffusion coefficient for the ions,
with (De/Di)sg 1000] [6]. The electron density in terms of the ion density
along the trace can be established as approximately equal to (;?ﬁ:ﬂ =~ 10-3 ,

3

very quickly; that is, only 10 ° of the electrons are in the volume occupied by the

positive ions and can recombine with them.

Electrons and ions will interac; electrostatically with each other when
ion density is high. The diffusion leakage of electrons is checked by the
electric field of the -ions. Ions and electrons will diffuse together (ambi-

polar diffusion). It is a known fact [6] that the Debye shielding distance
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characterizes the distance at which deviation from electrical neutrality is
possible in a column of ionized gas. If the radius of the column of ionized
gas, r, is greater than the Debye shielding distance Aps we will have the real
plasma itself along the track of the ionizing particle. Let us suppose that in
a column with rédius r the ion density is uniform and equal to n_. The total
number of ions, N (or electrons), created by the ionizing particle in the gas
in length { 1is egqual to

N = 17:)'2n‘,

N

5 - From the expression for the Debye shielding distance
et

.AD _ ‘/ EkT
4rein, !

€ ~ 1 is the gas permittivity;

that is, n_ =
e

where -

n_ is.ion density;
k is the Boltzmann constant;
T is gas temperature and thermalized electron temperature,
we find
) ekTen kT
r 4702 N de3q ' (1)
where ,
1] is the number of ions per unit length of the track.

Eq. (1) shows that when the number of ions per unit length of the track is
M = 4.5'10L1 — quasineutrality of the plasma (xn/r ~ 1) begins to occur along

the track of the ionizing particle.

Figure 1 shows the scintillation amplitudes in neon (a), krypton (b), argon
(c), and xenon (d) in terms of gas pressure.' Scintillations were observed as
well when an electric field was applied, one that provided for mafimum reduction
in scintillation amplitude because of the extraction of some of the electronsl
from the g-particle track. Reference [31] notes that response to the field
occurred in all gases when the number of ions per unit g-particle track was
apprqximately‘Z-lO5 cm_l, which corresponds to AD/r ~ 1/2. So it is only after

the formation of plasma along the track of the ionizing particle that electron-
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TS s n 1 e s eein oo

. ‘a| 7 7 5] ion recombination begins to make a
Z.o %0 definite contribution to noble gas
Sos- " scintillation (see Figure 1). The
.g E scintillation amplitude is not re-
ﬁ'o B ~ o duced in the electric field prior to
s 1 Vc ) o d the formation of plasma in a noble
< ) E=0 gas, and this concords with the re-
@5} sults recorded in many other papers.
E E If plasma has formed, there is a re-
; L | ' duction in scintillation amplitude in
¢ 0 20 ¢ 0 20 p,atm an electric field [31, 49, 60]. The

Figure 1. Scintillation amplitude A in contribution of the recombination
various noble gases acted on by

. . processes (as will be seen from
a-particles in terms of gas pressure, p.

Figure 1) increases with increase in
gas density. In fact, if ion density along the track is T > 2-105 cm—l, re-
combination will continue until ion density is no longer equal to approxXimately

5

210 cm-l, after which the electrons will separate from the ions and'will de-

part from the track as a result of diffusion.

Thus, the recombination processes in gas scintillators are significantly
dependent on ion density along the track of the ionizing particle. Recombin-
ation will not occur, practically speaking, when ionization densities are not

5

-1 . . .
adequate for plasma formation (ﬂ < 2¢10° cm ") because of the rapid diffusion

of electrons from the track of the ionizing particle. Plasma will form along
the track when 7 > 2-105 cm_l. Ion density in the plasma is determined by the
percentage of recombining electrons and the rate at which the recombination

process takes place.

d. Deexcitation of excited noble gas molecules

The spectral composition of molecular light. The result of the Egs. (1) -

(3) and (18) -~ (21) reactions is that the energy lost by the ionizing particle
to a noble gas is, for the most part, transferred to the excited molecule.
Very little of this energy can go to the deexcitation of photons of visible,
soft ultraviolet, or infrared light during the transfer of electrons between

the upper levels of excitation of noble gas atoms or molecules. Even if it is
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assumed that all the upper levels are uniformly populated with electrons, the
energy supplied to the upper levels is less than 30% in noble gases. The per-
centage of visible 1light in noble gas scintillators is less than 10% [31, 61,
62]. Basic light emitted by the molecules is vacuum ultraviolet () <« 2000 Z).
The shortwave limit of molecular light coincides with the wavelength of the
photon emitted from the lower resonance level of a noble gas atom [63]. Ultra-
violet light is distributed continuously from its shortwave 1limit to the longer
wave side. The distribution has a number of broad maxima. Reference [26] lists
the molecular continuum for argon excited by o-particles. A survey of noble gas
continuums when excitation is by an electric charge is contained in [64]. De-
excitation by an excited molecule of a shortwave photon is accompanied by the

dissociation of the excited molecule

X > v+ X+ X, (22)

Time of deexcitation of light by molecules. The lifetime of the relative

emission of an ultraviolet photon by an excited molecule of argon has been
estimated in [40], as equal to 3.4~10_6 sec (p <1 atm). Reference [65] con-
tains data to show the existence of metastable molecules, Ar;, in argon, some-
thing that can explain the long deexcitation time at low pressures. Reference
[42] made the assumption that the deexcitation of noble gas molecules takes
place more rapidly than 10-6 second. The available data do not contradict the
lifetimes of excited molecules relative to the emission of vacuum ultraviolet
-5 7

(107 to 10/ second at a pressure close to atmospheric). The lifetime of

excited molecules relative to the emission of soft ultraviolet or visible

7

. . - -8 . c s - .
light is 10 to 10 second. The role of extinguishing collisions increases
with increase in gas pressure, so the lifetime of excited atoms is shortened

[31.

e. Deexcitation of noble gas molecules

Deexcitation of the molecules of molecular impurities. The processes in-

volved in the interaction of excited atoms with molecular impurities were re-
viewed in subsection a of this section. Reactions similar to those of Egs.
(14) - (17) are valid for excited noble gas molecules. The deexcitation cross

section is of the order of the gas kinetic cross section. The extinguishing
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effect of molecular impurities is well known [4, 6, 50, 58], and we will not dwell

upon it here. Let us consider the deexcitation of molecules in pure noble gases.

Deexcitation of molecules in collisions with electrons. When an excited

noble gas molecule collides with an electron, the molecule can become even more
highly excited, it can become ionized, or it can be deexcited (superelastic
collision of the electron). The deexcitation cross section of a molecule in
collision with an electron obviously is of the same order of magnitude as the
deexcitation cross section for an atom; that is, 10_16 to 10_17 cm2 [5]. Elec-

tron deexcitation has been reviewed in a number of papers (for example, [41, 52,
66]). Superelastic collision of electrons is one of the most important processes
taking place in a noble gas plasma. But electron deexcitation can be a process .1176
of lesser importance as compared with the deexcitation of molecules in colli-~

sions with atoms of the gas when concentrations of electrons in the plasma are

small [65]. Reference [30] considers electron deexcitation to be of no moment

in gas scintillators when pressures are low.

In fact, there is little likelihood of electron deexcitation in the case
of those ionization densities along the track when no plasma is formed and when
recombination of electrons with ions does not occur because electron density on
the track is low. However, in plasma in which the Egqs. (18) - (21) recombina-
tion processes are taking place, the processes involved in the electron de-
excitation of molecules should also be noted. The number of superelastic col-
lisions of electrons in unit volume in unit time is readily found by the de-
excitation cross section. The deexcitation coefficient is similar to the re-

-16

combination coefficient, (10 to 10_17)ve, where Ve is the electron velocity.

9

When T ~ 300°C, vy ~ 107 cm/sec, the deexcitation coefficient is about 1077 to

10-10 cm3/sec. What must be taken into consideration is that during recombina-
tion the electron emits only one shortwave photon, but that same electron can
deexcite several molecules. Moreover, the number of excited molecules forming
along the track exceedsthe number of ions. But the presence of a linear re-
lationship between the number of recombination events and the amplitude of the

scintillation light [31] indicates that the effect of electron deexcitation does

not exceed 10% of the scintillation amplitude.
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Deexcitation of molecules in collisions with atoms. The effectiveness

of deexcitation is maximum when the veloéity ﬁf an incident particle is com-
parable with the velocity of the atomic electrons. The deexcitation cross
section for a molecule in colligion with a neutral atom therefore should be
thousands of times smaller than the electron deexcitation cross section. Ac-
cording to the data contained in [5], the atom deexcitation cross section (like
the atom excitation cross section) should be 10_20 to 10-22 cm2 for an atom

kinetic energy of about 10 ev,

Reference [67] evaluates the deexcitation cross sections for the four
lower levels of npeon in collisions with atoms and electrons (the distance be-
tweeﬁ leééls is in fractions of an electron volt). Only transitions between
“these levels are considered. The deexcitation cross section for collisions of

-19 20 2 3

atoms at 300°K is 5-10 to 6-l0_ cm . The deexcitation cross section P1

to 3P2 increases by an order of magnitude when the temperature is raised by a
factor of almost two. The deexcitation of these same levels by thermal elec-

trons takes place with cross sections of lO-13 to 10_14 cmz. The deexcitation

of noble gaé atoms and molecules to the ground state should be much less likely
because an energy of about 10 ev is removed in the case of this deexcitation.

But reference [65] assumes that the main process involved in loss of energy by 11177
an excited argon molecule (p ~ 10 mm Hg) is deexcitation in collisions with

neutral atoms. The deexcitation probability is directly proportional to the

gas pressure. The deexcitation cross'section is about 10—20 cm when T =

300°K, and a deexcitation time of about 10_4 second corresponds to normal

pressure,

Deexcitation of molecules accompanied by ionization. An excited noble

gas molecule can cause .ionization of the three (or four) atoms that form during
the collision of the molecule with the atoms (or an unexcited molecule) of a

noble gas

or

X*+ X=X +e (24)
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The Eqs. (23) and (24) reactions are similar to the Eq. (3) reaction, and can
be observed in nitrogen and hydrogen. There apparently are no reasons for the
suppression of reactions of this type in dense noble gases, but the existence

of the Egs. (23) and (24) processes have not yet been confirmed experimentally.

f. Migration of excitation energy in noble gases

Light streaming through a noble gas can be absorbed by an atom of the gas.
The probability of absorption is maximum if the photon energy coincides with
the energy for excitation of the atom from the ground state. The atom absorbing
the photon can emit it again, but in a different direction. The path followed
by a photon that is repeatedly absorbed and then emitted by the atoms of the
gas reminds one of the path of a particle diffused in the gas, so this type of

energy migration is called the diffusion of light. If the coefficient of absorp-

tion is high, the diffusion of light Jocks the photons in the gas, in
essence (radiation capture). Study of the diffusion of light in gases has been
reported in a number of papers [67-74]. Expansion of atomic lines with in-

crease in pressure plays an important role in the process involved in the dif-

fusion of light\[75]. Expansion of atomic lines results in an increase in the co-
efficient of absorption of light by the atoms, even well beyond the resonant
frequency. Reference [76] suggests a linear increase in the width of the re-

sonance level § with gas pressure p (the mean lifetime of an electron at the 1/§
level). The results have been confirmed experimentally in argon up to a pressure

of approximately 200 mm Hg [77]. Reference [78] supports an expansion that is
proportional to'Vi. The expansion in the lines can be determined in the main by

the resonant energy transfer from atom to atom, and depends on the parameter

nXB, that is, on the number of atoms in a volume with linear dimensions of the /178

19 3

order of the photon wavelength. 1In gas scintillators nkB 1 (n210 1/cm”,

5

% ~ 10 ° cm). Because of pair collisions with resonant energy transfer the
shape of the line differs from the Lorentzian, and the excitation level can be
shifted. Thus, the diffusion of light is intimately associated with the process
involved in the migration of energy in collisions. The theoretical exposition
of questions concerned with the migration of excitation energy in dense gases

(n?(3 > 1) is only beginning [79, 80]. Let us consider the role the migration

of energy can have in gas scintillators.
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Capture of resonance radiation from atoms. The capture of resonance radia-

tion from noble gas atoms, as has already been pointed out, facilitates the
pumping of the energy of excited atoms to the four lower levels of excitation,
or to the two lower resonance levels, which turn out to be the metastable levels,
in essence. Only after excited noble gas molecules have been formed is it pos-

sible to convert the energy thus stored into nonresonant light.

The diffusion of light from the lower resonance levels lasts for tens and
hundreds of microseconds when the pressure is about 100 mm Hg and the distance
is 1 ecm [72]}, and this corresponds to the time required for the formation of
molecules in accordance with the Eq. (2) reaction. The diffusing light will be
propagated more slowly at atmospheric pressure, with the rate at which the Eq.
(2) reaction will take place being proportional to pz, as we know. So it is

obviously impossible to record resonance light in gas scintillators.

Resonance excitation energy transfer from atoms in collisions. The exci-

tation energy stored on the lower resonance levels of the noble gas atoms is
transferred rapidly from atom to atom in double collisions with cross section
xz prior to the formation of molecules. This is why the lifetime of an excited
atom, T, in a dense gas is much shorter than the lifetime of an isolated atom.
Migration of excitation energy (without photon deexcitation) increases the
probability of energy transfer to the impurities contained in the gas. This
takes place because of the expansion in the excitation level (1/7), that is
resonance energy transfer to the impurity (cross section 12) becomes possible,
or because of the increase in the probability of an interaction between an atom

(molecule) of the impurity and the excitation energy "diffused" in volume iB.

Experimental data confirm the great magnitude of the energy interception
cross section by impurities. Assuming a speed of deexcitation of the excited
atoms of the basic gas of some 10—7 second (molecules form in approximately
this time at normal pressure), we can find the eross section for interception of
excitation energy by the impurities (atom veloecity is approximately 3-104 /179
em/sec) in the examples considered earlier (normal pressure)
Kr + 0.02% Xe [46}; o> 10-1 o2,
He 4+ 10-* % Ne [27}; s > 10 12cm 73
Ar + 0,002% Hg [14]; o> 10~12 cm®.
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A similar cross section (2 10~ sz) is obtained for nitrogen intercepting

all the excitation energy in noble gases when the concentration is some 10-3%
[61]. Accordingly, energy interception by impurities takes place more rapidly
than can be explained by conventional collisions of atoms with gas kinefic

cross sections (~ 10-15 cmz). Energy interception time by the impurity when

5 is obviously less than 10“7

L

-8 . . -
second, and less than 10 second when the concentration is 10 .

the concentrations of the latter are about 10

The capture of molecular light. Since the shortwave limit of the noble

gas molecular continuum coincides with the wavelength of the resonance line for
the atom, the expansion of this line with increase in gas pressure should result

in the diffusion of molecular light.

References [63, 81, 82] note a sharp reduction in the intensity of the
1ight passing through xenon in the wavelengths near the resonance line for
atomic xenon, 1470 Z. The reduction in intensity encompasses more and
more of the spectrum with increase in xenon pressure (40 Z at normal pressure
and about 100 A when p = 20 atm). Thus, the shortwave section of the light of

the molecular continuum is captured in the gas.

Absorption of light by noble gas molecules. Noble gas molecules can form

elsewhere than along the track of an ionizing particle. The formation of mole-
cules of two atoms (dimers) with a binding energy of about 0.01 ev is possible
when unexcited atoms of noble gas X collide. Reference [83] found that the
number of molecules of xenon per unit volume (when T = 300°K) was proportional
to 2.16-10-22 n, where n is the number of atoms of xenon per cm3. The concen-
tration of molecular xenon is about 1% at normal pressure. Molecular Xenon
scatters ultraviolet radiation (the scattering cross section is approximately
22 i

- o) °
510 cm” for the line 1215.7 A). Absorption of light by noble gas molecules

results in an additional expansion in the spectral lines [8%4].

Noble gas molecules can absorb the light from excited molecules, and this
leads to the diffusion of the light from that part of the molecular continuum
that will not absorb many of the gas atoms. The absorption of ligbt by dimers
should increase with increase in pressure, and with decrease in gas temperature,
because the probability of di ssociation of the molecules decreases with dg—

crease in temperature (the di ssociation energy for a molecule of xenon is
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about 0.03 ev [83]1). The formation of trimers, Xj, or of heavier molecules

(X4 and other polymers) is possible when excited dimers collide with noble gas
atoms. Since polymer ionization potential obviously will be reduced with in-
crease in molecular weight, excited polymers can be readily ionized [the Egs.
{23) and (24) reactions]. The ions X; and XZ will be formed at some distance
from the particle track, where the concentration of electrons is low, and
where, as a result, the electron-ion recombination is insignificant, when there
is diffusion of molecular light. Therefore, the formation of the ions X; and
is equivalent to the destruction of the diffusing photons.

+
A

g. Electron bremsstrahlung. Electrons forming along the track of an

ionizing particle emit bremsstrahlung light during neutral atom dispersion

[5, 85]. "The intensity of the bremsstrahlung light decays rapidly over a period
of time that is of the order of magnitude of thermalization time [59]. However,
the electrons can acquire additional energy during superelastic collisions, so
bremsstrahlung can last for the period of time required for electron recombina-
tion. The spectral composition of bremsstraplung light can be characterized by
a broad continuum. Intensity in the band of short wavelengths decays to photon
energy below the first level excitation energy for a noble gas atom. This comes
about because the number of electrons with energies exceeding the energy of the
first excitation level for the atoms decays rapidly because of inelastic energy

9

losses during collisions with atoms of the gas (1077 to 10—10 sec at normal
pressure). Further shift of the shortwave limit for bremsstrahlung toward the
long wavelength side, together with simultaneous reduction in intensity, takes
place because of elastic losses of energy by the electrons during thermaliza-
tion (about 10-6 second). The intensity of bremsstrahlung light does not de-
pend on photon energy to any great extent in the longwave band [5], but does

depend very heavily on electron energy in the shortwave band.

G. A. Askar'yan [85] evaluated the output of bremsstrahlung light from a
gas scintillator. The percentage of bremsstrahlung light is a few percentage
points of the observed scintillation light. The rise time for the intensity
of bremsstrahlung light is determined by the time required for the ionizing

particle to pass through the gas.
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3. Gas Scintillator Properties

a. Scintillation efficiency

The number of photons in a scintillation flash. The efficiency with

which ionizing particles is recorded is determined by the number of photons
occurring after the particle has passed through the scintillator. Reference
[86] (see also [3]) evaluated the distribution of energy lost by a charged
particle in the gas to ionization and excitation of atoms, as well as that
carried off by electrons during ionization. In all noble gases approximately
60% of the energy is expended in ionization of atoms, 20% is carried off by
the electrons (mean electron energy is about 0.3I, where I is the atom ioniza-
tion potential), and 20% of the energy is expended in exciting the atoms.
Since the energy for exciting noble gas atoms is of the order of 10 ev, a gas
scintillator can emit about 10  photons per 1 MeV of energy lost by the ioniz-
ing particle (recombination and quenching not taken into consideration). What
usually is observed is a value of 103 photons/MeV [3], and this is proof of the
significant role played by the processes involved in quenching excited atoms

(molecules) in gas scintillators.

The scintillation efficiency of various noble gases. The scintillation

efficiency of a noble gas, while dependent on the type of gas, is also depen-
dent on gas pressure, purity, and temperature, light recording time, and the
ability of the particles recorded to ionize. This is why the relative scin-
tillation efficiencies of noble gases, measured for a variety of conditions,

can be very different from each other

Kr l Ar sw%He¢1msXeﬁdterature

Xe Ne He
1 0.52 0.16 0,043 0,33 1.2 {16]
1 1 0.3 0.3 0.3 1.2 Our

data
Despite some scattering, it will be seen that scintillation efficiency

increases with increase in the atomic number for the gas. It seems that this

is associated with the change in the rate at which excited molecules are formed,

the deexcitation of which determines scintillation efficiency. The high degree

of efficiency of scintillation of a mixture made up of 90% He + 10% Xe can be
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explained by the efficient interception of the helium excitation energy by the
xenon, with deexcitation of the xenon molecules relatively low because of the /182

small concentration of xenon atoms (see section 2e and f).

¢ 40 ﬁﬂhafm The contribution of electron-ion recombina-
1+ . ~ ‘ ’ tion., The data from Figure 1 can be used to eval-
uate the contribution made by recombination to
the amplitude of a scintillation flash. Recom-
a ¢ bination will yield from 20 (neon) to 50% (xenon)
.5 d of the light at pressures of about 10 atm along
'éas_ the track of an f-particle with an energy of 5.15
< MeV. Figure 2 shows the change that takes place
2 in scintillation amplitude in xenon in terms of
3 gas density (curve 1). Curves 2 and 3 were ob-
tained by extrapolation using the results of
ionization measurements [31]. Let us now turn
0 éz é4 },g/cm3 to the identical relative decay of both compon-

) o ) . . . d . thi
Figure 2. Scintillation ents with increase in Xenon density, something

amplitude, A, in terms of that obviously points to the sameness of the
xenon density p (ionization

N uenchin rocesses for both components. Since
by g~particles): d 9P ° P

. . . excited lecules form during electron-ion re-
1 - total scintillation cited mole s 2o o ° nore

amplitude; 2 - recombination combination, the sameness of the quenching pro-
amplitude of scintillations :

. R cesses for both components in turn means that
depending on the field of the pe a
component; 3 - recombination the principal part of the scintillation gquench-
amplitude of scintillations . . .

. . in rocesses at high pressures takes place in
independent of the field of or o P . P
the component. Amplitudes the excited molecule stage, XZ'

are shown in relative units.
Dependence of light yield on energy absorbed by the gas. The linearity

of the light yield from gas scintillators, that is, the proportionality of the
amplitude of the light flash of energy absorbed by the gas can be arrived at in

the following cases:

(1) there is no recombination along the track (low gas pressures, par-

5 -1

ticles with poor ionizing capabilities T < 2+107 cm

Y

(2) recombination makes a maximum contribution to the scintillation am-

plitude (high gas pressure, particles with good ionizing capabilities
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7% 2410° em 1),

(3) particles have equal ionizing capabilities (arbitrary gas pressure); 1}83ﬁ
(4) recombination light is not recorded. This can be done by simply re-

cording the fast component of the scintillation (see ¢ of this section).

It is possible to violate the linearity associated with the various con-
tributions of the recombination components in the scintillation for particles
with different ionizing capabilities when the conditions formulated above can-
not be satisfied. Maximum flash amplitude is observed with strong ionizing
particles when energy losses in the gas are identical. This is the type of S
behavior pattern obtained for electrons and g-particles [62, 87], and for a-particles .
and the fission fragments of U234 [22, 88, 89]. Moreover, reference [87] found .
that the nonlinearity of the light output increased in a mixture of He + Xe
with increase in the xenon pressure, and reference [22] indicates that non-

linearity can be corrected by applying an electric field to the gas.

Dependence of the amplitude of the scintillation flash on gas pressure,

Two processes, the rate at which excited molecules are formed, and the effec-

tiveness of the processes involved in the deexcitation of atoms and molecules,
determine the amplitude of the scintillation flash for the same ionization f
density, but different gas pressures (loss of energy by the particle to the

gas the same).

Molecules form slowly in the low pressure region (see section 2a), and
the excitation energy is intercepted and quenched by an impurity (see section
2e). The rate at which molecules form will increase with increase in gas
pressure, and the energy capture by the impurities takes place with less
efficiency. Scintillation amplitude increases too. But with a further in-
crease in pressure comes the deexcitation processes associated with the capture
of molecular light by the atoms and the absorption of light by the noble gas
molecules. It is possible for the processes involved in molecule deexcitation
in collisions to become substantial. The amplitude of scintillation light now

should decrease slowly with increase in gas pressure (see Figure 2).

Chénge in pressure in a gas scintillator usually is accompanied by change

in ionization density along the track. Let us, therefore, see how the re-
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combination component behaves with increase in gas pressure. There is no re-
combination at low pressures. The recombination component increases with in-
crease in pressure (see section 2c), then drops slowly because the deexcitation
processes described above and forming during the recombination of noble gas
molecules are included. The experimental data presented in Figures 1 and 2

thus can be explained very simply.

b. The spectral composition of scintillation light. /184

The spectral composition of scintillation light, as has already been noted,
coincides with the molecule spectrum. Most of the scintillation light (90%) is
vacuum ultraviolet () < 2000 R). Impurities with low excitation levels, con-
tained in a noble gas, can make a significant contribution to the optical portion
of thé spéctrum. An impurity concentration of about 10-4 apparently ensures
total interception of energy by the impurity (see section 2f) at normal pressure.
It was at this concentration that reference [14] noted great brilliance of their

lines, but noble gas molecular continuums were not noted.

Since excited molecules are formed upon the recombination of electrons with
ionized noble gas molecules, the spectral composition of the recombination light

coincides with the molecule spectrum, and this has been proven experimentally
[311.

c. Deexcitation time for a gas scintillator. A pure gas can be charac-

terized by intensive luminescence of noble gas molecules. The rate at which
the molecules form is completely determined by gas pressure, so the probability
of the interception of excitation energy by the impurity prior to the formation
of a noble gas molecule will be reduced with increase in gas pressure, given
the same partial pressure of the impurity. Accordingly, a gas can appear to be
"pure" at increased pressure, and "contaminated" at reduced pressure, even if
the measurement is made - by the same installation. In a dpure" noble gas the
impurities effect deexcitation only in terms of the deexcitation of the noble
gas molecules. Thus, excitation time for a gas scintillator with no recom-
bination will be determined by the time required to form the excited molecules,
their deexcitation time, and the time required to diffuse part of the mole-

cular light through the gas.

. . . 2
The time required to form excited molecules is proportional to 1/n”, and
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6

second at normal pressure (see section 2a). The time

6 to 1077

. - -8
is equal to 10 to 10

required to form helium molecules is 10~ second [24] at pressures

. 2 .
close to atmospheric, and changes in accordance with the 1/n” law, while the
Our results,

* . -
deexcitation time for the He_ molecule is about 10 > second.

based on a study of xenon deixcitation time, agree with the molecule deexcita-
tion time of about 10_7 second. Thus, deexcitation time for the scintillator
is determined by the molecule formation time at low pressures. At high pressures

the molecule formation time cah be very short (the rise time for the amplitude /185
of a light pulse in xenon at a pressure of 10 atm is abouf 10_9 second), and the
duration of the luminescence is determined by the molecule deexcitation time
(approximately 10—6 second). This time will decrease somewhat with increase in

pressure because of inelastic collisions.

Scintillator deexcitation will be much more rapid if ohly the optical por-
tion of the spectrum (} > 2000 Z), is recorded because in such case only the
electron bremsstrahlung (about 10-9 second), and the light occurring with trari-
sition of the electrons between_thé excitation levels for the atoms (approximately)
10_8 second), are recorded. A part of the optical spectrum occurring during the

formation of molecules can involve the luminescence of the scintillator in

the optical region for molecule formation

" time. The deexcitation time for a noble gas
ey
20” with an impurity with low-lying excitation
50.

. L\‘ : levels is almost completely determined by
~—

Eos e the rate of interception of the energy by
< ““‘~4L\‘\\1 the impurity, and can be very short (about
025 : 3 10~7 second). Rapid deexcitation of gas
T
: scintillators has been observed in [13, 83,
o W 20 30 4 tusec. 87, 901.
Figure 3. Decay in the number Time required for the recombination of

£ el . X
of electrons in xenon in terms The Egs. (18) - (21)

of time.

The xenon (density 0.3 g/cm3)
has been ionized by a pulsed
beam of X-rays, The pulse width
was less than 1 yusec and the
energy of the plotoelectrons was
less thanh 60 KeV.

electrons and ions.

reactions take place along the track of an
iénizing particle during the formation of

plasma (see section 2b, c), and the result
is the formation of excited noble gas mole-

cules. We found the number of electrons
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remaining along the track at any moment in time by experimental means [31] 1186
(Figure 3). The xenon was ionized by X-rays with photon energy less than 60

KeV. As will be seen from Figure 3, initially recombination is quite rapid,

then is extraordinarily slow. Recombination time is longer than 10 isec. There

was little change in the nature of the recombination when pressure was changed

from 10 to 60 atm. The reason for so little change in recombination when the

gas pressure was changed from 10 to 60 atm requires further study.
L, Conclusion
So, the main processes in gas scintillators apparently can be said to be:
{(a) the formatioh of excited molecules and ionized molecules;

(b) electron-ion recombination in the plasma forming along the track of

the ionizing particle;
(c) deexcitation of néble gas atoms and molecules.

These processes, as we have seen, explain the principal anomalies of scin-
tillation in noble gases. It is obvious that study of the processes taking
place in gas scintillators is very essential if gas scintillation counters are
to be used to record particles., Moreover, gas scintillators can be useful in the
study of the processes involved in the collisions of electrons and atoms in noble
gases, and since the scintillation of noble elements can be observed in the
liquid and solid phases as well [3, 49, 60}, study of scintillation can help us
to a better understanding of the nature of the electromagnetic interactions

that occur in a substance.

194



e

8.

9.
10.
11,
12,
13.
14,
15.
16.
17.
18.
19.
20.
21.
22,
23.

24,
25.

REFERENCES

Brocklehurst, B., Atomic Energy Research Establishment Report, C/R 2669,
1963, pp. 1-55.

Teyssier, I. L. and Blanc, D., L'onde electrigue, Vol. 44, 196k,
pp. 446, 458,

Birks, I, B., The Theory and Practice of Scintillation Counting, Pergamon-
press, 1964.

Hastead, D., Fizika atomnykh stolknoveniy, [The Physics of Atomic Collisionsl,
Translated from the English, Mir Press, Moscow, 1965.

Zel'dovich, Ya. B. and Rayzer, Yu. P., Fizika udarnykh voln i vysoko-tempera-
turnykh gidrodinamicheskikh yavleniy, [The Physics of Shock Waves and of
High-Temperature Hydrodynamic Phenomenal, Nauka Press, Moscow, 1966.

MacDaniel, I., Protsessy stolknoveniy v ionizovannykh gazakh, [Collision

Processes in lonized Gases], Translated from the English, Mir Press,
Moscow, 1967.

Curie, M., Traite de radioactivite, [Treatise on Radioactivity], Gauthier-
Villars, Paris, 1910.

Stark, J. Z., Phys., Vol. 7, 1906, p. 892.
Pohl, R. J., Radioaktivitat, Vol. %, 1907, p. 100.

Grun, A. E. and Schopper, E. Z., Naturforschung, Vol. 6a, 1951, p. 698.

Eggler, C. and Huddleston, C. M., Phys. Rev., Vol. 95, 1954, p. 600.
Avivi, P. and Cohen, S. G., Phys. Rev., Vol. 108, 1957, p. 972.
Koch, L., Acta Electronica, Vol. 5, No. 1, 1958, p. 103.

Koch, L. J., Phys. Radium, Vol. 21, 1960, p. 169.
Koch, L., Thesis, University of Paris, Rpt. CEA 1532, CEN Saclay, 1960.
Northrop, J. A. and Gursky, J. C., Nucl. Instr., Vol. 3, 1958, p. 207.

Tuxen, O. Z., Physik, Vol. 103, 1936, p. 463. /187

Biondi, M. A. and Brown, S. C., Phys. Rev., Vol. 76, 1949, p. 1697.

Biondi, M. A. and Holstein, T., Phys. Rev., Vol. 82, 1961, p. 962.
Greinacher, H. Z., Phys., Vol. 47, 1928, p. 344.

Audubert, R. and Lormeau, S., C.r.Acad. sci., Paris, Vol. 228, 1949, p. 318.

Tavendale, A. J., Rev. Sci. Instr., Vol. 32, 1961, p. 1398.

Easterling, R. and Lipman, N., Pribory dlya nauchnykh issledovaniy, No. 4,
1965.

Takanashi, T., et al., Phys. Lett., Vol. 23, No. 5, 1966.

Kalashnikova, V. I. and Kozodayev, M. S., Detektory elementarnykh chastits,
[Elementary Particle Detectors], Nauka Press, Moscow, 1966, pp. 26-30.

195



26.

27.
28.
29.
30.
31.

32.
33.
34.
35.
36.
37.
38.
39.
%0.
L1.

L2,
L3.

Lh,
45.
k6.
47.

48.
49,
50.

51.
52.
53.
54.

196

Strickler, T. D. and Arakawa, E. T., J. Chem. Phys., Vol. 41, 1964,
p. 1783.

Dondes, S., et al., Rad. Res., Vol. 27, 1966, p. 174.

Brocklehurst, B., Trans. Faraday Soc., Vol. 530, 1967, pp. 63, 274.
Kugler, E., Ann. Phys., Vol. 14, No. 3-4, 1964,

Bennett, W. R., Ann. Phys., Vol. 18, No. 3, 1962, p. 367.

Dolgoshein, B. A., et al., Zh. Eksperim. i. teor. fiz., Vol. 56, 1969,
p. 1152,

Biondi, M. A., Phys. Rev., Vol. 83, 1951, p. 1078.

Phelps; A. V. and Brown, S. C., Phys. Rev., Vol. 86, 1952, p. 102.
Oskam, H. J., Phil. Res. Rep., Vol. 13, 1958, pp. 335, 4Ol.

Beaty, E. C. and Patterson, P., 6th International Conference on
Ionization Phenomena in Gases SERMA, Vol. 1, Paris, 1963, p. 289,

Biondi, M. A., Phys. Rev., Vol. 129, No. 3, 1963, p. 1181.

Samson, J. A, R. and Gairns, R. B. J., Opt. Soc. Amer., Vol. 56, No. 8,
1966, p. 1140.

Meyerott, R., Phys. Rev., Vol. 70, 1946, p. 671..

Phelps, A. V. and Molnar, J. P., Phys. Rev., Vol. 89, No. 6, 1953, p. 1202.
Col1i, L., Phys. Rev., Vol. 95, No. 4, 1954, p. 892.

Phelps, A. V., Phys. Rev., Vol. 99, 1955, p. 1307.

Turner, R., Phys. Rev., Vol. 158, No. 1, 1967, p. 121.

Arnot, F. L. and McEwen, M. B., Proc. Roy. Soc., Ld., Vol. A 166, 1938,
p. 543.
Hornbeck, J. A. and Molnar, J. P., Phys. Rev., Vol. 84, No. 4, 1951, p. 621.

Melton, C. E. and Hamill, W. H., J. Chem. Phys., Vol. 41, 1964, p. 1469.

Kaul, W. and Taubert, R. Z., Naturforsch., Vol. 17a., 1962, p. 98,

Morgulis, N. D. and Polushkin, I. N., Zh. tekh. fiz., Vol. 36, Issue 3,
1966, p. 542.

Cooper, C. D., et al., J. Mol. Spectr., Vol. 7, 1961, p. 223.

Hereford, F. L. and Moss, F. E., Phys. Rev., Vol. 141, No. 1, 1966, p. 204.

Loeb, L. B., Basic Processes of Gaseous Electronics, University of
California Press, 1960.

Fergusson, E. E., et al., Phys. Rev., Vol, 138, No. 2A, 1965, p. 381.
Mosburg, E. R., Phys. Rev., Vol. 152, No. 1, 1966, p. 166.

Gusinow, M. A., et al., Phys. Rev., Vol. 149, No. 1, 1966, p. 91.
Gerber, R. A., et al., Phys. Lett., Vol. 19, No. 8, 1966, p. 656.




N

55. Atomnyye i molekukyarnyye protsessy, [Atomic and Molecular Processes],
Translated from the English, Editor D. Bates, Mir Press, Moscow, 1964,

56. Pitayevskiy, L. P., Zh. eksperim. i teor. fiz., Vol. 42, 1962, p. 1326.

57. Gurevich, A. V. and Pitayevskiy, L. P., Ibid, Vol. 46, 1964, p. 1281.
53, Massey, G. and Barkup, E., Elektronnyye i ionnyye stolknoveniya, {Electron

and Ion Collisions], Translated from the English, Mir Press, Moscow,

1967,
59. Brodskiy, V. B., et al., Zh. tekhn. fiz., Vol. 36, No. Lk, 1966, p. 640.
60. Dolgoshein, B. A., et al., Pis'ma ZhEIF, Vol. 6, 1967, b. 755.
61. Sayres, A. and Wu, C. S., Rev. Sci. Instr., Vol. 28, No. 10, 1957.

62. Shamu, R. E., Nucl. Instrum. Methods, Vol. 1%, No. 3, 1961, p. 297.

63. Wilkinson, P. G. and Tanaka, Y. J., Opt. Soc. Amer., Vol. 45, No. 5, 1955.

64. Zaydel', A. N. and Shreyder, Ye. Ya., Spektroskopiya vakuummogo ul'trafioleta,
[Spectroscopy of Vacuum Ultravioletl], Nauka Press, Moscow, 1967.

65. Prince, J. F. and Robertson, W. W., J. Chem. Phys., Vol. 45, No. 7, 1966,

p. 2577.
66. Ingraham, J. C. and Brown, S. C., Phys. Rev., Vol. 138, No. kA, 1965, /188
p. 1015. -

67. Phelps, A. V., Phys. Rev., Vol. 114, No. &, 1959, p. 1011.

68. Mitchell, A, C. G. and Zemansky, M. W., Resonance Radiation and Excited
Atoms, New York, 1962.

69. Biberman, L. M., Zh. eksperim. i teor. fiz., Vol. 17, 1947, p. 416.
70. Biberman, L. M., Ibid., Vol. 539, 1948, p. 659.

71. Holstein, T., Phys. Rev., Vol. 72, 1947, p. 1212.

72. Holstein, T., Ibid., Vol. 83, 1951, p. 1159.

73. Veklenko, B. A., Zh. eksperim, i teor. fiz., Vol. 36, 1959, p. 204.
74. Barrat, J., Phys. Radium, Vol. 20, 1959, ppP. 541, 633, 657.

75. Sobel'man, I. I., Uspekhi fiz. nauk, Vol. 54, 1954, p. 551.

76. Vlasov, A. A. and Fursov, V. S., Zh. eksperim. i teor. fiz., Vol. 9, 1939,
p. 783. - :

77. Fursov, V. S., et al., Dokl. AN SSSR, Vol. 101, No. 3, 1955, p- 453,
78. Reck, G. P., et al., Phys. Rev., Vol. 137, No. 34, 1965, p. 683.

79. Kazantsev, A. P., Zh. eksperim. i teor. fiz., Vol. 51, 1966, p. 1751.
80. Vdovin, Yu. A. and Galitskiy, V. M., Ibid., Vol. 52, 1967, p. 1345.

81. McLennan, J. C. and Turnbull, R., Proc. Roy. Soc., Ld., Vol. A 129, 1930,
p. 266.

82. McLennan, J. C. and Turnbull, R., Proc. Roy. Soc. Ld., Vol. A 139, 1933,
p. 683.

197



83, Shardanand, Phys. Rev., Vol. 160, No. 1, 1967, p. 67.

84. Wilkinson, P. G. J., Quant. Spectr. Rad. Transf., Vol. 5, 1965, p. 503.
85, Askar'yan, G. A., Zh. Eksperim. i teor. fiz., Vol. 39, 1960, p. 211.
86. Platzman, Intern. J. Appl. Rad. Isotopes,'Vol. 10, 1961, p. 116.

87, Jenkin, J. G.,and Shamu, R. E., Nucl. Instrum. Methods, Vol. 34, 1965,
p. 116.

88, Boicourt, G. and Brolley, I., Rev. Sci. Instru., Vol. 25, 1954, p. 1218.

89, Tavendale, A. J., Proc. Phys. Soc., Vol. 79, 1962, p. 652.

90. Schmidt, K. Z., Naturforsch., Vol. 1lla, 1956, p. 1023.

Translated for the National Aeronautics and Space Administration
under contract No. NASw~2038 by Translation Consultants, Ltd.,
9Lh South Wakefield Street, Arlington, Virginia 22204.

# U. S. GOVERNMENT PRINTING OFFICE : 1972 720-%03/321

198 F-656 — 2



NATIONAL AERONAUTICS AND SPACE ADMISTRATION
WASHINGTON, D.C. 20546

OFFICIAL BUSINESS
PENALTY FOR PRIVATE USE $300

031 001 C1 U

TECH LIBRARY/WLOL/
ATTN:

FIRST CLASS MAIL

29 711217 S00903D5S
DEPT NF THE AIR FORCE
AF WEAPONS LAB {AFSC)

E LOU BOWMAN,
KIRTLAND AFB NM BT7117

POSTAGE AND FEES PAID
NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION

P 3

T
U.S.MAIL
S

CHIEF

If Undeliverable ( Section 158

POSTMASTER:  ppgral Manual) Do Not Retura

“The aeronantical and Space activities of the United States shall be

conducted so as to comtribute . .

. 10 the expansion of buman knowl-

edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

— NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and
technical information considered importint,
complete, and a lasting contribution to existing
knowledge.

TECHNICAL NOTES: Information less broad
in scope but nevertheless of importance as a
contribution to existing knowledge.

TECHNICAL MEMORANDUMS:
Information receiving limited distribution
because of preliminary data, security classifica-
tion, or other reasons.

CONTRACTOR REPORTS: Scientific and
technical information generated under a NASA
contract or grant and considered an important
contribution to existing knowledge.

TECHNICAL TRANSLATIONS: Information
published in a foreign language considered
to merit NASA distribution in English.

SPECIAL PUBLICATIONS: Information
derived from or of value to NASA activities.
Publications include conference proceedings,
monographs, data compilations, handbooks,
sourcebooks, and special bibliographies.

TECHNOLOGY UTILIZATION
PUBLICATIONS: Information on technology
used by NASA that may be of particular
interest in commercial and other non-aerospace
applications. Publications include Tech Briefs,
Technology Utilization Reports and

Technology Surveys.

Details on the availability of these nublications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION OFFICE

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546




